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The emergence of indoor air quality (IAQ) as a significant environmental issue 
in this decade, has led to a considerable increase in research on the subject. Modelling 
IAQ is not an easy task and many assumptions need to be made and verified. This 
thesis firstly concerns shortcomings in available IAQ models. Then a new model has 
been derived based on experimentally determined parameters. These parameters are 
source emission rate, adsorption / desorption rates and indoor air flow parameters. 
Volatile organic compounds (VOCs) were selected amongst all indoor pollutant 
categories due to their severe effects on health. In addition, VOCs have great 
variability in the emission characteristics of their sources. The selection of which 
VOCs to study was based on an extensive survey of the IAQ problem in Kuwaiti 
residences. One residence was selected as a test house. A test chamber with 
dimensions proportional to a room in the test house was used for laboratory scale 
experiments and the resulting parameters were used subsequently in the test house 
modelling. The same furniture material that may act as a sink in the test house was 
used in the test chamber for parameter determination. Most of the assumptions in the 
new model were verified experimentally. These included the linearity of rate of 
adsorption with concentration. The new IAQ model was found to be in good 
agreement with observation.
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The significance of air hygiene for indoor environments was recognized by 
Max von Pettenkofer and others more than 100 years ago (Meyer, 1983). However, air 
quality health concerns and research have been directed mainly at outdoor air pollution 
resulting from transportation and industrial sources. Recently, an increased awareness 
of the importance of indoor sources and their potential impact on human health has 
stimulated an interest in indoor air quality (IAQ). Research indicates that more than 
900 different contaminants are present in indoor environments depending on the 
particular operations and activities which occur within buildings (Brooks and David, 
1992).
A healthy indoor environment is one which promotes the comfort, health and 
well-being of the building users. Temperature and humidity are controlled within a 
comfort zone. Normal concentrations of respiratory gases such as carbon dioxide are 
maintained. The air is free of significant levels of contaminants and odours. Also 
contributing to a sense of well-being are comfortable levels of lighting and sound.
When building occupants begin to complain of symptoms which are 
associated with poor indoor air quality, building owners and managers become 
responsible. Beyond the concern for the health of the building users, which is a 
significant issue by itself, the economic considerations are essential. For instance, 
occupants’ productivity rates usually decrease in sick buildings with inadequate air 
quality. Headaches, burning and itching eyes, respiratory difficulties, skin irritation, 
nausea and fatigue are some of the common complaints associated with sick buildings.
l
The indoor air contaminants can be classified into: combustion products, 
chemicals and chemical solutions, respirable particulates and fines, respiratory 
products, biologies, radio nuclides, and odours resulting from any of the above. These 
contaminants have been blamed for a wide variety of complaints that have come to be 
called the Sick Building Syndrome (SBS). Air contaminant levels in indoor 
environments are the result of complex interactions of interrelated variables, which 
include contaminant source characteristics, building characteristics, contaminant 
removal mechanisms, outdoor air quality and meteorological conditions.
New building materials, products and furnishings emit a significant number of 
contaminants. The operation of “high-tech” equipment, and the cleaning and 
maintenance procedures related to this equipment add another group of pollutants. 
Operational activities such as usage of cleaning products, detergents and pesticides 
contribute to the indoor air quality levels. Human factors such as breathing and 
emitting body odours, also affect the indoor air. Smoking, cosmetics and personal 
care products are further sources of contaminants. Section 2.2 of this thesis includes 
in-depth discussions of indoor air pollution sources and their relation with air 
movements and indoor surface interactions.
1.2 Volatile Organic Compounds (VOCs)
The fate of indoor volatile organic compounds (VOCs) has received little 
attention compared with other indoor pollutants in terms of characterization of sources 
and occurrence. The great variability in the emission characteristics of sources and 
their strength make the evaluation of indoor VOC sources a difficult task.
Volatile organic compounds (VOCs) in the indoor atmosphere are relatively 
unreactive and any adsorption on, or adsorption in, indoor materials is believed to be 
strictly physical in nature. Since the interaction between a VOC in indoor air and an 
indoor material appears to an equilibrium phenomenon, one might expect that a 
material would reach a saturation point with respect to the concentration of the VOC 
in the indoor air and that the VOC would desorb when the air concentration decreases.
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1.3 Characterization Limitations for VOCs
Indoor air quality monitoring includes physical and/or chemical methods for 
sampling and analyzing pollutant concentrations, or environmental parameters. 
Additionally, questionnaires and other types of survey methods are used in indoor air 
quality studies to obtain information about related and equally important information 
on characteristics of the building, heating, ventilating and air conditioning systems, 
appliances and occupant activity patterns.
Many of the traditional procedures used for measurement of VOCs indoors 
have improved their targets to meet the occupational hygiene monitoring methods. 
However, occupational hygiene investigations usually have limited objectives and 
requirements. Indoor air quality investigations have a great need for sensitivity and 
selectivity in the detection of VOCs and their source characterization.
1.4 Modelling Limitations
Many organizations and agencies regularly measure the concentrations of 
specific air pollutants at selected monitoring locations. However, they also need the 
ability to make future projections of air pollution levels. Compared to measurements, 
computer models provide a relatively inexpensive and expedient means of providing 
air quality information. For example, models can be used to predict the future 
concentration of a particular pollutant after the implementation of a new pollution 
control programme. The results of the modelling are then used to estimate the 
effectiveness o f the control programme and whether it is worth the cost or not. 
Models are important planning tools due to their ability to evaluate a variety of 
parameters for managing air quality.
In general, indoor air quality (IAQ) models require two types of data: the first 
type concerns the building structure, openings, ventilation system and furniture 
materials, and the second type concerns the occupants’ activities, habits and the time 
they spend indoors. These types of data gather the pollutant source type and its
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emission characteristics, the sink type and adsorption/desorption phenomena, and the 
air movements through the heating ventilating air conditioning (HVAC) systems.
Many IAQ models have been developed, but few are properly validated. 
Special problems associated with correct source and sink models remain untouched. 
These problems include the following: neglect of some model parameters, confusion 
in parameter estimation methods, unspecified validity ranges, and weaknesses in 
quantitative comparison between models and experimental observations (Zhishi, 
1992).
1.5 Local Environmental Concern
In 1991, just after the oil fires in Kuwait, it was estimated that 2.5 million 
barrels of crude oil and 35 million cubic metres of associated gases were on fire 
emitting approximately 1500 tonnes of particulate material in addition to tonnes of 
SO2, CO and NOx in the atmosphere on a daily basis (Al-Sudairawi et al. 1994). At 
that time serious damage to the atmosphere was detected. The need to identify the 
environmental hazards indoors, where occupants o f residences always ask whether it is 
safe to breathe indoor air rather than outdoor air, has become a major concern. About 
40% of the total attendance at one of the main hospitals in Kuwait, during the period 
from August-October 1991, concerned respiratory problems. Correlating the 
symptoms to the increased concentrations of specific pollutants, statistical analysis 
showed a highly significant correlation with reactive and nonreactive airway diseases 
(Al-Ghawaby et al. 1994).
The observation that indoor environments in Kuwait also contain significant 
levels of VOCs (Bouhamra, 1995) has led to the present study on monitoring the 
levels of VOCs by an experimentally designed survey as a first step to the assessment 
of indoor air quality in Kuwait. The second step is to model the confined indoor 
atmosphere of air conditioned homes in Kuwait which are expected to be polluted with 
VOCs from various chemical processes and improper ventilation. The presence of a 
large number of oil wells, crude oil gathering and storage facilities, petroleum 
refineries, down stream petroleum companies, extensive volume of automobiles,
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excessive air traffic, use of fluorocarbons in household appliances and air handling 
machines could contribute to the increased levels of VOCs in the indoor air of Kuwaiti 
homes.
1.6 Goal and Objectives
Sick buildings, indoor pollution and poor indoor air quality are relatively 
recent phenomena. Very few countries give attention to this continuously increasing 
problem. It is attempted in this work to initiate such a study in Kuwait to cope with 
the growing interest in the subject. The ultimate goal of this thesis is to modify and 
test an indoor air quality model that can be used to estimate volatile organic compound 
concentrations indoors which in turn will facilitate the process of their control.
In order to deal with most of the parameters that may affect indoor air quality 
and to solve some of the modelling problems faced in the literature, the following 
objectives have been set in sequence:
1. To assess indoor air quality in Kuwait residences.
2. To analyze collected data statistically.
3. To model the indoor air quality in Kuwait residences.
4. To design an experimental apparatus to measure terms usually ignored in
literature models.
5. To validate the model by comparison of predicted results with laboratory
measurements and observations from a test Kuwaiti house.
1.7 Scope of Work
The scope of the work in this thesis is to identify and characterize the 
occurrence of volatile organic compounds in indoor environments in Kuwait. 
Identification of potential sources using statistical correlation, whenever possible, is 
conducted. Modelling the indoor air quality is a recommended step after 
characterization. However, due to the complexity of the indoor environment, progress 
on understanding the indoor processes has been relatively slow. Lack of information 
has lead to the neglect of some model parameters upon application. Consequently,
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deviations always occur between model predictions and measurements. In this thesis, 
a well sealed chamber with dimensions proportional to a room in a test house is 
described. VOC generation and removal rates are studied in the chamber in the 
laboratory. Measurements of indoor concentration in the test house are then made for 
modelling validation by comparison with the test chamber data. A new model is then 
developed, based on experimental sorption parameters.
This thesis contains eight chapters. The first chapter provides an introduction 
to the study with a brief literature concern about environmental indoor air quality 
especially in Kuwait. It also includes general detected problems in most IAQ models 
along with the work objectives which may solve some modelling problems. The 
second chapter is a literature review of published articles and reports regarding IAQ 
and modelling. At the end of this chapter a conclusion section introduces the work 
described in this thesis. The third chapter is the identification of IAQ in residences of 
Kuwait. Sample size, sample selection and sample chemical analysis procedures are 
explained in this chapter.
The fourth chapter concerns measurements and estimation of air exchange 
rates in residences. This chapter includes the techniques for measurements and a 
modified model to estimate the air exchange rate in Kuwaiti residences along with the 
mixing factor for the indoor air. The fifth chapter concerns the sorption / desorption 
behaviour for volatile organic compounds. In this chapter concentration 
measurements of 17 VOCs are used in a model to estimate the desorption rate 
constants. These rate constants are related to the chemical structure of each VOC.
The sixth chapter concerns the experimental determination of sorption 
parameters. Four selected VOCs are tested in a test chamber and in a test house to 
determine the sorption and desorption rate constants. The indoor air quality model is 
verified using the test house observations. The seventh chapter concerns the 
adsorption isotherm measurements for selected VOCs on selected fibres usually used 
indoor. This chapter includes the verification of linear assumption of adsorption rate 
with concentration at simulated indoor low VOC concentrations. Finally, the eighth 
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INDOOR AIR QUALITY (IAQ) 
REVIEW
2.1 Introduction
The major objective of this chapter is to provide a brief review of indoor air 
quality (IAQ) matters with pollutant characterization in general. This chapter also 
discusses different approaches to IAQ modelling described in the literature. The 
essential components for IAQ modelling are listed. This chapter is designed to 
highlight the gaps or missing parameters in modelling and consequently introduces 
within this thesis work which may add missing parameters to IAQ modelling or 
modify existing models.
2.2 Indoor Air Pollution
Indoor air quality (IAQ) is receiving increased attention from researchers and 
public health officials as a critical component of the total exposure of humans to a 
variety of air pollutants. Recent concern about IAQ is initiated by the increasing cost 
of energy. More extensive use of insulation, tighter building design to reduce 
infiltration, and increased ratios of recirculated to makeup air all contribute to rising 
pollutant concentrations in interior spaces.
Although there are many different micro environments such as schools, 
offices, public buildings and vehicles, approximately 73% of the time spent indoors is 
spent in the home. Several investigators have determined the levels of VOCs in the 
home (Molhave and Moller (1979); Seifert and Abraham (1982); Hartwell et al. 
(1987); Lebret et al. (1986); DeBortoli et al. (1986); Samet et al. (1987); Tichenor and
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Mason (1988); U.S. EPA (1988); Wallace (1987a and 1987b); Wallace et al. (1985 
and 1991); Fellin and Otson (1994)). During an air pollution event in central London 
in December 1991, the UK Government advised people with respiratory problems to 
stay indoors whenever possible. But at that time, the interaction between the outdoor 
air and the indoor environment was poorly understood (Field et al., 1992). Several 
studies concluded that indoor levels of pollutants might be as high as, or even higher 
than, the outdoor levels (Wallace TEAM” study (1987a); Gupta et al. (1984); 
Pellizzari et al. (1986); Cohen et al. (1989); Lewtas (1989); Seifert (1992)). The much 
smaller amount of air flushing of indoor air compared with the outdoor air results in 
higher concentrations of pollutants indoors especially when the pollutant source is 
located indoors. Consequently, attention is now drawn to the toxicology and potential 
public health risks from indoor air pollutants.
Specific indoor pollutant types include volatile organic compounds (VOCs), 
respirable suspended particulates (RSP), biological contaminants, combustion gases 
and radon. Investigations by Repace (1982), WHO (1982), Melius et al. (1984), 
Kreiss and Hodgson (1984), Wallingford and Carpenter (1986) have established that 
sick building syndrome does not occur due to a single cause. Psychological factors 
and other multiple factors including ventilation, materials, products and other sources 
add complexity to the problem.
The evaluation of indoor air pollution problems requires an understanding of 
several factors, including:
• sources of the indoor pollutants and emission characteristics of the sources,
• interactions of the pollutants with surfaces within the building, and chemical or 
physical interactions affecting the pollutant concentrations, and
• air exchange between the building and the outdoors, and air movement within the 
building.
2.2.1 Sources and Emission Characteristics
In order to be able to reduce pollutant concentrations, the potential sources 
have to be studied. Unfortunately, in the case of volatile organic compounds (VOC) in
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indoor environments, an observed substance concentration cannot easily be assigned 
to one particular source due to the large number of possible VOC emitting sources. 
The same organic pollutant can be emitted by several sources. In addition, the great 
variability in the emission characteristics of sources and their strengths, makes the 
evaluation of indoor VOC sources a difficult task.
Sources of indoor airborne VOCs can be categorized into those that are 
located outdoors and those that are located within the building or structure envelope. 
Outdoor air contains contaminants including chemicals from fugitive industrial 
emissions, automobile exhausts, agricultural activities, atmospheric photochemical 
phenomena and bioaerosols from natural microbial growth. Exterior air contaminants 
make their way indoors through ventilation intakes, open doors and windows and 
leaks in the building envelope. Indoor concentrations from outdoor air contaminants 
depend upon:
• outdoor air contaminant concentrations,
• rate of outdoor air infiltration through the exterior envelope,
• efficiency of the mechanical ventilation system, and
• reactivity of the pollutants.
Many indoor air pollutants come from evaporation or sublimation from the 
surfaces of indoor materials. These material sources include any substances that form 
the building itself or its content (Tucker, 1988). Other types of indoor air pollutant 
sources are:
• combustion sources, such as vented or unvented space heating devices, and
• human activity sources, such as maintaining, cooking, using aerosol spray products, 
and using machines.
Indoor sources are divided by Seifert and Ulrich (1987) into two main 
categories, continuous and intermittent sources. Each category is defined by the time 
dependency of the source emission. Continuously emitting sources lead to a relatively 
constant VOC concentration over long periods of time. Intermittent sources give rise 
to peak concentrations which decrease within fairly short periods of time. Each of the 
two types of source can be further divided into two subgroups comprising sources with
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regular and irregular emissions. Sparks et al. (1992) divided the sources into several 
classifications based on the time dependency of the emission rate as follows:
• random short term on/off sources (e.g., cigarettes),
• long term on/off sources (e.g., heaters),
• long term steady state sources (e.g., mothballs), and
• sources with high initial emission rates that decay with time (e.g., painted surfaces).
Recently, there has been significant effort to identify and characterize the wide 
range of potential sources of indoor airborne VOCs. Due mostly to increasing health 
concerns and advances in analytical techniques, the focus of IAQ research has shifted 
from characterization of particulate matter and inorganic gases towards the 
measurement of VOCs. There are several review articles (Wadden and Scheff (1983); 
NRC (1981); USEPA (1989) and Levin (1989)) that categorize and identify many of 
the sources of indoor pollutants, including VOCs. Nevertheless, there is limited 
published information on the quantitative characterization of VOC sources and less on 
emission characteristics under various conditions. Most investigations of emission 
characteristics are limited to laboratory tests using controlled atmospheres and other 
devices.
The occurrence of indoor VOCs has been examined in numerous studies. The 
objectives of these studies have been to evaluate the potential sources of these 
compounds. Different studies employ different strategies, including statistical 
sampling designs, in order to evaluate the occurrence of VOCs for representative 
populations (Wallace, 1987a). The sources of VOCs found indoors are identified by 
the combined use of sophisticated questionnaires and statistical techniques. An 
alternative strategy is to investigate VOC emissions directly and to correlate indoor 
occurrence to the emissions. A study by Berglund et al. (1989) provides an example, 
but few other studies have attempted this approach.
A variety of equipment for characterization of sources and their emissions has 
been designed to suit individual study requirements. Apparatus for source 
identification ranges from sophisticated, room sized, controlled environment chambers 
to sealed vials for static head space analysis. Mass balance models are generally used
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to calculate emission rates for sources in dynamic flow through chambers of various 
size. In the very simplest situation, the steady state concentration achieved in a 
confined space is directly related to the emission factor, the volume of the space, the 
rate of air exchange and the application time of any given source. Seifert (1984) 
provides an example of the concentration time profile in a 23 m3 room with a constant 
injected formaldehyde source. He demonstrated mathematically that concentrations 
rise exponentially at various air exchange rates and that the highest steady state 
concentrations are achieved at the lowest air change rates. In this realistic example, 
the potential influence of sorption and transformations on indoor VOC levels was 
ignored. It is apparent that the two factors that primarily determine the indoor 
concentrations, particularly of VOCs, are source emission strength and the dilution or 
ventilation rate. Wallace (1987a) suggested that the source strength is the more 
important. This conclusion was based on the observation that concentrations and 
source strengths vary over several orders of magnitude, but that air exchange rates are 
generally maintained within a factor of 10.
Many investigators have conducted laboratory studies of the emission 
characteristics of potential VOC source materials. Molhave (1979) identified an 
average of 13 VOCs associated with each of 38 different building materials evaluated. 
Toluene and xylene were identified in over 50 % of the materials tested. Later, 
Molhave (1982) identified 62 different VOCs in the emissions from 42 building 
materials. These VOCs were primarily aliphatic and aromatic hydrocarbons. Other 
studies of VOCs emitted from building materials include Daisey et al. (1994) and 
Ekberg (1994), and source rate experimental estimation by Hutter-Keller and 
Hermberger (1997). Sheldon et al. (1989) investigated the IAQ in 10 public buildings. 
They concluded that the VOC concentration in the newer buildings was extremely 
high during the first two weeks of the test.
Investigations by Yacom (1991) have shown that the use of building materials 
in a room generally results in a long term continuous pollution of indoor air. 
Engstrom et al. (1988) tested the emissions of 200 materials used indoors among 
which were 66 floor, wall and ceiling coverings, 43 insulation materials, 28 textiles, 
19 paints and 18 furnishings. About 50 compounds were observed which belonged to 
11 chemical classes. Aldehydes, aromatic hydrocarbons and alcohols were observed
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most frequently. Emission rates from carpets and floor coverings have been 
determined from data acquired using small environmental chambers (Tichenor (1989); 
ASTM (1990); Black (1990,1992); Black et al. (1991); Sparks et al. (1990a and 
1990b); Kirchner et al. (1993) and Guo et al. (1998)). Detailed studies on organic 
emissions from textile floor coverings have been reported by Pliel and Whiton (1990), 
Hawkins et al. (1992) Zingg and Kaenel (1993) and Jonsson et al. (1997).
Materials commonly used indoors emit a variety of VOCs. In addition to 
laboratory chamber studies a variety of investigations to monitor VOCs have related 
elevated concentrations to specific sources. In the TEAM study, Wallace et al. (1988) 
related personal pollution exposure concentrations to a variety of source related 
activities. Sixteen chemicals were often found above quantifiable limits in personal 
air samples. The highest exposures were to 1,1,1-trichloroethane, para- 
dichlorobenzene, xylenes, benzene, and tetrachloroethylene. Indoor air concentrations 
generally exceeded outdoor air concentrations. Smoking and automobile related 
activities were identified as important sources of personal exposure to a number of 
target compounds. Stepwise regression was performed to relate concentrations to 
some questionnaire index variables. For example, those who lived with smokers had 
twice as much benzene in their breath as those who did not live with smokers (Wallace 
et al. 1988).
Many indoor materials, including paints, stains, adhesives and caulks, contain 
petroleum-based solvents. Such solvents consist of a variety of organic compounds 
which are often found indoors. Chlorinated solvents are also used in a wide variety of 
consumer products and are commonly found in indoor air. For example, an EPA 
study by the Midwest Research Institute (Tichenor and Mason, 1988) determined the 
chlorocarbon content of more than 1100 household products, including shoe polishes, 
water repellents, cleaning fluids, epoxy paint sprays, brush cleaners, primers, stains 
and varnishes.
The EPA’s TEAM Study (Wallace et al., 1987c) had measured exposures to 
20 VOCs in personal air, outdoor air and drinking water. Ten compounds were often 
present in personal air and breath air samples at all locations. Among these VOCs, the 
median indoor level of chloroform was four times the median outdoor level. The use
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of hot water in baths and showers, and in the washing of clothes and dishes was 
related to high levels of chloroform. A special study was made earlier by Andelman 
(1985) on hot showers where liberation of volatile organic compounds was easy. A 
residence in Roxboro, NC, was found to have its well-water supply contaminated with 
benzene and other organic compounds. Simulated benzene concentration distributions 
showed that benzene from the shower rapidly dispersed in the house, and reached 
equilibrium in all the rooms in less than 30 minutes after the shower was started 
(Lansari et a l., 1992).
2.2.2 Pollutant Interaction with Surfaces
Adsorption, the transfer of a substance from one phase (indoor air) to 
accumulate on the surface of another phase (here, building materials) is just one step 
of several that together determine the nature of the adsorption dynamics in the indoor 
environment. In the building context, adsorbate species are transported via convection 
and molecular diffusion processes from the bulk air phase to locations near the 
adsorbent boundaries. At these boundaries, diffusion processes take over to move the 
adsorbate first through the boundary layer surrounding the adsorbent and then through 
the porous interstices of the adsorbent to near surface locations of the solid portions of 
the material. Finally, the actual adsorption processes bind the adsorbate to activated 
adsorbent surface locations. Axley and Lorenzetti (1993) state “Simultaneously, 
desorption processes release adsorbates within the porous structure of the adsorbent 
that are then transported to the bulk air phase by these same processes. The rate of 
species transport to and from the surface-bound locations is thus determined by 
dispersal processes within the building heating, ventilating air conditioning (HVAC) 
system, by boundary layer diffusion processes near the adsorbent, by porous diffusion 
processes within the adsorbent and by adsorption processes themselves at the solid 
surface locations within the adsorbent.”
Surfaces and materials that remove pollutants from the indoor air act as sinks. 
The material collected may remain in the sink or be re-emitted later. Although the 
importance of sinks in determining indoor air quality is generally recognized, there 
have been few published works on the behaviour of sinks or sink models (Tichenor et
1 4
al. (1991) and Axley (1991)). Sinks may be reversible or irreversible. A reversible 
sink re-emits the material collected in it whilst an irreversible sink does not. A sink 
may appear to be irreversible when the pollutant concentration is high to become 
clearly reversible when the pollutant concentration is low.
The major factors that were thought by Tucker (1988) to influence the 
emission of vapour-phase organic compounds from surface materials are:
• total content of vaporizable constituents in the material,
• distribution of these constituents between the surface and the interior of the 
material,
• age of the material,
• surface area of the material per volume of the space it is in, and
• environmental factors such as temperature, air exchange rate, and relative humidity.
Gebefugi (1989) suggested that only chemicals with vapour pressures less than 
10'2 millibar will accumulate on indoor surface materials. However, there is evidence 
that many VOCs will accumulate on indoor surface materials (Sacan and Balcuoglu, 
1998). Among VOCs, formaldehyde is the most extensively examined in terms of 
sorption and re-emission processes. There are other examples of removal and re­
emission of indoor airborne VOCs, particularly those present in environmental 
tobacco smoke (ETS). Some studies have led to detailed mathematical models that 
account for the sink effects of p-dichlorobenzene (p-DCB) that was emitted from 
mothballs. Tichenor et al. (1990a and 1990b) quantified p-DCB deposited in chamber 
walls during emission tests and detected the continuing emission of p-DCB after 
removal of the primary source from a test house. In their model, they reduced the 
source generation term by 20% of the actual rate due to removal by the sink. No sink 
rates were modeled in their study.
Since the adsorption of a VOC appears to be an equilibrium phenomenon, then 
a material, in the presence of a VOC indoors, could reach a saturation point with 
respect to the concentration of the VOC in the indoor air. Subsequently, that VOC 
could desorb when the air concentration decreases. In summary, pollutant sink factors 
by which indoor pollutants escape (via deposition on room surfaces) are of great
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importance to indoor modelling, yet are rarely treated in much detail. Virtually all 
indoor models use the surface area of the walls as the key determinant of deposition 
rates. However, the surface area and composition of the room contents are also 
relevant (Austin et al., 1992).
2.2.3 Air Movements and Mixing
“Outdoor air that flows through a building either intentionally, as ventilation 
air or unintentionally, as infiltration and exfiltration, is important for two reasons. 
Outdoor air is often used to dilute indoor air contaminants, and the energy associated 
with heating or cooling this outdoor air is a significant space-conditioning load. The 
magnitude of these airflow rates should be known at maximum load to properly size 
equipment and at average conditions, to properly estimate average or seasonal energy 
consumption. Minimum air exchange rates need to be known to assure proper control 
of indoor contaminant levels. In large buildings, the effect of infiltration and 
ventilation on distribution and interzone airflow patterns should be determined” 
(ASHRAE, 1993).
Air exchange between indoor and outdoor air can be divided into ventilation 
and infiltration. First, ventilation can be natural or forced. Natural ventilation is 
airflow through open windows, doors, and other intentional openings in the building 
envelope. Forced ventilation is powered air exchange usually through the heating, 
ventilating, air conditioning (HVAC) systems. Second, infiltration is uncontrolled 
airflow through cracks, interstices, and other unintentional openings. Infiltration is 
caused by pressure differences between indoors and outdoors due to wind, indoor- 
outdoor temperature differences, and appliance operation.
The air exchange rate has a significant effect on indoor air pollutant 
concentrations. Two types of parameter are significant: airflow parameters, such as 
the number of air changes per hour, and building parameters, such as the number of 
doors and windows, the type of HVAC system, and the size of the rooms (Austin et 
al. (1992), Peng et al. (1997) and Zhang and Haghighat (1997)).
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Ventilation effectiveness or mixing is defined as the ratio of outside air 
delivered to the occupied zone to the outside air delivered to the space. If all the 
outside air is reaching the occupied zone, then perfect mixing within the space occurs. 
For conventional ventilation, where supply diffusers are often located in ceilings 
adjacent to return or exhaust grilles, it would be common for the air provided for that 
space through the supply air to completely bypass the occupied zone and the 
ventilation effectiveness would be significantly less than 1. (Hays et al., 1995).
2.3 IAQ Models
Indoor air quality modelling is needed in the design and operation of buildings 
in order to maintain acceptable indoor air quality and to be able to make future 
projections of air pollution levels. For example, anyone who has been called in to 
make measurements subsequent to an indoor air quality complaint should be aware 
that the data obtained may not capture the cause of the occupants' complaints. This 
may be due to changes in ventilation rates which dilute pollutant concentrations. 
Indoor air quality modelling, however, can be used to evaluate a variety of parameters 
and simulate which pollutant source emission rates, ventilation rates and other 
environmental conditions might have caused the original complaints. In addition, 
modelling can be used to select the locations of supply diffusers and return/exhaust 
registers to optimize ventilation effectiveness (Teichman, 1988).
Modelling techniques for estimating personal air quality experienced by 
different population groups must take into account:
• pollution levels outdoors,
• the nature of indoor micro environments, and
• daily population activity patterns.
Daily population activity patterns lead to variability of pollutant sources and 
sinks factors. “The way in which pollutant sources and sinks are characterized clearly 
is important. In general, the factors that need to be considered for these parameters are 
as follows:
• the pollutants that are modeled,
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• whether there is a focus on particular sources,
• the time steps that are allowed,
• whether the model allows the user to specify emission rates that change with time,
• the amount of detail provided in the model with respect to default values, and
• the requirements for user input.” (Austin et al., 1992)
A mass balance model on a pollutant released indoors or penetrating into an 
interior space is a convenient way to describe indoor concentrations. Conceptually,
indoor accumulation = pollutant in - pollutant out + source - sink (2.1)
One useful solution of Equation (2.1) was obtained by Wadden (1985).
C = k Q Co + S R [l - exp(-kQt/V)]+ Coexp(-kQt/V) n 2)
kQ
where t is time (hr), Q  is the indoor concentration (mg/m ), C0 is the outdoor 
concentration (mg/m3), Q  = Cio at t = 0, Q is the volumetric air flow rate (m3/hr), V 
is the room volume (m ), S is the indoor source emission rate (mg/hr), R is the indoor 
sink removal rate (mg/hr), and k is a factor that accounts for inefficiency of mixing.
Esmen (1978) discussed the characterization of contaminant concentrations in 
enclosed spaces. “Based on the solution of the mass balance equation if the air in the 
room under consideration is well mixed, the decrease of pollutant after a single release 
will be an exponential decay. The nonideality of mixing is usually accounted for by 
the utilization of a mixing factor, k. The values of k are normally estimated to be from 
1/3 to 1/10 for small spaces.”(Esmen, 1978). Assuming perfect mixing the 
concentration of a pollutant is described by the mass balance:
V ^  =  - C .Q  (2.3)
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where Q  is the indoor concentration (mg/m3), Q is the ventilation air flow rate (m3/hr) 
and V is the room volume (m ). The factor that describes the theoretical characteristic 
time for one air change is V/Q and traditionally the mixing factor k is described as
fc - W Q
lexp
where teXp is the actual time for one air change. With the use of the k factor the 
solution of Equation (2.3) becomes:
- k Q t
G  =  Go exp ( —-— ) (2.5)
Note that Equation (2.5) is a special form of Equation (2.2). Here outdoor 
concentration, source and sink rates are neglected for a compound which can be 
treated as a tracer.
As a further step, modellers have tried to include natural and forced ventilation 
air flow rates into their models along with air recirculation through air conditioning 
systems. Hayes (1989, 1991) studied the structure and the theoretical basis of a 
personal air quality model along with the population activity data base employed by it. 
Their results are presented in two example cases. Case 1 (long term) examines the 
effects of being indoors on the annual particulate matter concentrations experienced by 
those living in an environment which has a stationary source. Case 2 (short term) 
examines indoor-outdoor effects on personal exposure to a 1-hour ozone 
concentration. A single component mass balance equation was used to calculate the 
hourly indoor air quality for five different indoor and outdoor micro environment 
types: home, office, inside a vehicle, near a roadway and outdoors. Pollutant material 
enters the building by means of natural and forced ventilation and can be generated by 
indoor sources. Pollutant material is removed from the indoor air by surface 
interactions with walls, objects in the rooms or interior surfaces of the building 
ventilation system.
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The mass continuity equation for the model was expressed as follows:
indoor = infiltration + outdoor makeup + recirculation - surface + indoor 
accumulation reactivity sources




C0 = outdoor concentration, mg/m .
Ci = indoor concentration, mg/m .
V = building volume, m3.
Qi = volumetric infiltration flow rate, m /hr.
Qf = volumetric outdoor rate, m3/hr, which passes through a filter 
before entering the building interior.
Ef = efficiency of the makeup air filter ( the fraction of the 
pollutant removed by the filter).
Qr = volumetric flow rate of recirculated air, m3/hr.
E r  = efficiency of the recirculation air filter, 
k = mixing factor ( the fraction of the pollutant mass that is 
completely mixed with room air).
S(t) = indoor source generation term, mg/hr.
K = pollutant reactivity factor, m/hr.
A = interior surface area, m2.
Furthermore, surface interactions with indoor pollutants have also been 
included in IAQ models. Ligocki et al. (1992) studied a parameterized model for the 
estimation of sorption and desorption of gases, vapours and particles. The interaction 
of airborne contaminants with surfaces is an important factor in indoor modelling. 
Compared to outdoor environments, indoor environments have much larger surface to 
volume ratios. Hence the surface interaction of airborne contaminants is an important 
factor in indoor modelling. The governing equations for indoor concentration (Ci) and 
sorbed concentration (Cs) are:
2 0
j p




=  k .C i ( t )  -  k d C s(t )  -  k r C s ( t )  (2.8)
where S(t) is the source strength (mg/m3), V is room volume (m3), N is air exchange
1 1 rate (hr' ), Co is outdoor concentration (mg/m ), A/V is the surface-to-volume ratio
(m2/m3), ka is the adsorption rate (m/hr), kd is the desorption rate (hr'1) and kr is the
first order surface reaction rate (hr'1).
Sparks et al. (1992) developed a personal computer model to predict pollutant 
concentrations in a room, and individual exposure to the pollutant as a part of the 
U.S.EPA’s programme. The model allows calculation of pollutant concentrations 
based on source emission rates, room to room air movement, air exchange with the 
outdoors and indoor sink behaviour. Each room was assumed to be well mixed.
Ozone is an indoor pollutant which has been widely investigated. Mueller et 
al. (1973) studied the decomposition rates of ozone in living areas. They chose a 
bedroom to monitor ozone decomposition in a home. The room contained twin beds, 
two end table lamps, a chest of drawers and a valet. The bedroom located at the 
southeast comer of the house had two windows with shades and curtains. During the 
decay run the entry doors, closet door and windows were closed. The surface to 
volume ratio for the bedroom was calculated by assuming that each accessory could be 
evaluated as a rectangular object. The decay rate of ozone was found to be very 
sensitive to variations in temperature, relative humidity, prior exposure of metal 
surfaces and the number of potentially active catalytic surfaces in the room. Activated 
carbon filters were the most efficient, among the tested surfaces, in terms of ozone 
removal rate.
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Sabersky et al. (1973) also studied the decay rates of ozone. A test chamber 
was constructed from Lucite sheets with a surface area of 106 ft2 (9.85 m2) and a 
volume of 84 ft3 (2.38 m3). The decay rate of ozone within buildings was found to be 
first order with respect to the ozone concentration. Decay rate constants for several 
common surfaces ranged in value from about 0.1-0.001 ftVfPmin (1.83-0.018 m3/m2 
hr). Materials such as rubber fabrics and plastics had rate constants higher than 
metals and glass. The mechanism of ozone decomposition within buildings is 
heterogeneous and the rates depend directly on the surface to volume ratio.
Pedelty and Holcomb (1990) showed that the source term in a dynamic model 
could be calculated based on indoor and outdoor concentrations of the pollutant. The 
following assumptions were built into their model:
1. The ventilation in the building is less than 5 cfin/person (8.5 m3/hr/person).
2. Approximately 20% of people in the building are smokers.
3. Smokers are estimated to smoke one cigarette/hr/smoker.
4. Occupancy is assumed at 1 person/150 f t^ l  person/13.9 m2)
5. The ceiling is 8 ft (2.44 m) high.
6. The building is in an urban setting where automotive exhaust fumes and ozone are
significant sources of chemicals in the outdoor air.
Teichman (1988) demonstrated two models in his study. The first was used to 
predict concentrations for indoor chemical spills. The input parameters used in the 
mass balance equation included the evaporation rate of the chemicals, the room 
ventilation rate, the room volume, a room mixing factor, and the time elapsed after the 
release of the chemical (1,1,1-trichloroethane). The second model was used to 
compare the EPA test house data with predictions from an indoor air quality model. 
This model could accommodate pollutant sources and sinks and could be used to 
estimate the effects of HVAC systems, air cleaning and natural ventilation on pollutant 
(p-dichlorobenzene) concentration.
Environmental chambers and full-scale residential house tests have been used 
to evaluate pollutant concentrations. The fast organic emissions from a wood- 
finishing product- floor wax was studied by Chang and Zhishi (1992). For the 
environmental chamber tests, a small amount of the wax was applied to an aluminum
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plate. It was found that the chamber exit organic concentrations could be estimated 
by a model with an initial condition of instant organic emission. The model was 
applied to the house data to interpret octane and nonane emissions. Significant sink 
effects were found in the house that prolonged the elevated octane and nonane 
concentrations for more than 2 days.
A test chamber operating system consists of four mathematical compartments; 
namely, the source, the well mixed contents of the chamber, an exit, and a sink as 
discussed by Dunn and Tichenor (1988). Parametric and nonparametric test chamber 
modelling approaches have been applied by Hayter and Dowling (1993). The 
parametric model assumed no sink effects and the emission rate was exponential. The 
nonparametric model was created by smoothing the experimental data. This approach 
was much more flexible than the first one.
2.4 Conclusion
From all o f the above, it can be concluded that IAQ has been receiving high 
attention all over the world in the last 20 years. Ozone and formaldehyde have been 
the most extensively studied pollutants while some other selected VOCs have been 
examined as emissions from actual sources. Test chambers and full scale residential 
houses have been used in order to construct a mass balance model to evaluate pollutant 
levels. Several trials have been attempted to design a model that can describe all the 
parameters which affect dispersion, but always these trials face problems in the 
availability of data. Insufficient information regarding the adsorption and desorption 
behaviour of VOCs on and from indoor surfaces has been identified as a major 
shortcoming in sink model estimation. These shortcomings will be addressed in the 
research described in this thesis.
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ASSESSMENT OF AIR QUALITY IN 
RESIDENCES OF KUWAIT
3.1 Introduction
Indoor air pollution is a major threat to public health. The large number and 
variety of indoor sources of organics in typical residences, as well as limited indoor- 
outdoor air exchange, results in a wide range of indoor airborne Volatile Organic 
Compounds (VOCs) (Otson and Fellin, 1992). A number of investigators have 
determined that the levels of VOCs in homes can be as high as or even higher than 
outdoor levels (Fellin and Otson (1994); Wallace et al. (1990); and Seifert (1992)). 
Several authors have reported that the generation of chemicals occurs from the use of 
consumer products such as spray cans, air fresheners, spray cleaners, household 
solvents and cleaners (Wallace, 1991), construction materials, furnishings and 
insulation (Daisey et al. (1994); Ekberg (1994); Molhave (1990); and Yacom (1991)), 
from tobacco smoking (Hayden, 1988), and from autoexhausts (Chan and Lin (1994) 
and Bevan et al. (1991)). Others have reported that volatilization of organics from 
water could also take place (Weisel et al. (1990) and Hines et al. (1993)).
The characterization of indoor air pollution is a first step to integrated personal 
exposure assessment of the general pollution. Data on the actual concentrations in 
occupied homes are still limited to a few single compounds or compound groups. 
Different sampling and analytical techniques lead to difficulty in the global evaluation 
of indoor pollution. Lebret et al. (1986) estimated the weekly average concentration 
of 45 VOCs in more than 300 homes in Germany in three house age groups. The 
results of their study showed that all VOCs had higher indoor than outdoor 
concentrations. It was also concluded that most of the measured VOCs came from 
consumer products, building materials and occupant activities. During the first few
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months of occupation, the straight-chain and aromatic hydrocarbon concentrations 
were generally higher in new homes than in older ones.
The TEAM study by Wallace et al. (1988) concerned the personal exposure to 
26 VOCs in the air, drinking water and exhaled breath of 188 Californian residents. 
Sixteen chemicals were found above quantifiable limits in personal air, and four 
trihalomethanes were found in water. Their study also concluded that indoor 
concentrations generally exceeded outdoor air concentrations. Smoking and 
automobile related activities were found significant in the personal exposure air. In 
addition, the TEAM study (1987a) correlated selected VOCs to tobacco smoke using 
stepwise regression. It was found that those who lived with smokers were likely to be 
exposed to twice as much as those who did not five with smokers. Hot shower water 
was the main source of airborne indoor chloroform. Those who had visited a dry 
cleaning shop showed twice as much tetrachloroethylene in breathe air as in other 
persons. A special study of dry cleaning shops in the TEAM study in New Jersey and 
North Dakota by Pellizzari et al. (1986) measured levels up to 10,000 pg/m3 of 
tetrachloroethylene. Potential sources associated with VOCs are described as aromatic 
compounds with autoexhausts (Sigsby et al., 1987) and tobacco smoke (Higgins, 
1987) while halogenated compounds are associated with consumer products (Girman 
et al., 1987).
The occurrence and concentration of VOCs in homes may be affected by 
outdoor pollutant concentrations that can enter the building envelope through 
ventilation systems. Fellin and Otson (1994) studied the trends of indoor VOC levels 
with season, outdoor temperature and relative humidity in Canadian homes. Their 
results revealed that the presence of indoor sources had a far greater influence on 
indoor levels than ventilation as a source of outdoor contamination. However, 
seasonal variation showed a significant effect on pollutant levels in Wallace et al.’s 
study (1991) in California and Los Angeles. Wallace et al. (1991) related this 
phenomenon to the strong temperature inversions coupled with reduced air flow 
during the winter which leaves the pollutants to accumulate in the outdoor 
environment. These higher outdoor concentrations then contribute to higher indoor 
concentrations. A portion of the difference is due to the higher air exchange rates in
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summer. Very few homes had air conditioners and residents depended on open 
windows for cooling during the day. The difference between the results of the two 
studies could be related to variations in location, occupants’ habits and types of 
sources between Canadian homes and Californian homes.
Since information about indoor VOC levels in Kuwait residences was 
unavailable, a national scale pilot study was planned to measure VOC concentrations 
in typical residences selected from different locations in Kuwait. In this investigation, 
data on air samples were collected from randomly selected houses and identified by 
thermal desorption-gas chromatography using mass spectrometry for quantification 
and flame ionisation detection for regular analysis. Data on the house characteristics 
and human activities were also collected. The data were then subjected to certain 
statistical procedures to identify common factors for the compounds and to relate these 
factors to certain source characteristics in an attempt to identify possible sources for 
the pollutants. In addition, the effects of location, season and outdoor pollutant levels 
on the total indoor volatile organic compounds (TVOC) were also tested. The 
statistical package SPSS/Windows was used to complete the analysis. This chapter 
includes the methodology of the study, the sample collection method, the 
questionnaire design, the procedure for the chemical analysis, and the statistical 
analysis used in the study. The results and discussion section includes descriptive 
statistics and factor analysis for selected VOCs. Furthermore, the VOC concentrations 
are grouped as TVOC and their concentrations are tested with selected variables.
3.2 Methodology
3.2.1 Sample Collection
Houses in certain geographical areas in Kuwait are more likely to have poor air 
quality due to obvious sources of pollutants such as those from industry and oil 
production. Stratified sampling was, therefore, selected in order to eliminate the 
analysis variations from different sources. Consequently, five strata corresponding to 
the five govemorates of Kuwait were distinguished and randomly sampled In total, 
99 houses were selected in the five different govemorates. The number of houses in 
the sample per govemorate was proportional to the total number of houses in the
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govemorate. Information on the total number of houses in each govemorate (each 
govemorate contains around 25000 residences) was obtained from the Bureau of 
Census in Kuwait and was based on the 1993 census. Figure 3.1 shows the State of 
Kuwait map with the five govemorates and industrial areas such as Shuaiba and Doha 
power stations.
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Figure 3.1 State of Kuwait map showing its govemorates and industrial areas. 
(1.Capital, 2. Hawaii, 3.Alfarwania, 4.Alahmadi, 5.Aljahra)
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3.2.2 Questionnaire Design
A comprehensive questionnaire was developed to collect information about 
indoor air quality, the possible sources of pollutants and occupant activities. The aim 
of the questionnaire was to collect information about four aspects that affect indoor 
air: 1) the family, 2) the house, 3) pollutant sources, and 4) the layout and contents of 
the living room where samples were collected. Several questions were developed for 
each aspect and two to five possible responses were allowed for in any given 
question. The questions were carefully worded and aimed at hard facts, for instance, 
whether smokers are among the occupants of the house, whether the occupants use 
spray cans, air fresheners, spray cleaners, household solvents, etc. In order to develop 
the questionnaire, a list o f all internationally known sources of the pollutants 
(Tichenor (1987); Molhave (1982); USEPA (1991); Berglund et al. (1989); Wallace et 
al. (1987b); Levin (1989), Namiesnik et al. (1992); Otson and Fellin (1992) and 
Brown et al. (1993)) was compiled. Special consideration was given to sources that 
are particular to the Kuwait environment and care was taken to include all potential 
sources that could have resulted from the aftermath of the Gulf War. Finally, the 
occupants of each selected house were contacted and interviewed to answer the 
questionnaire. A telephone call, carried out by this thesis author, to the selected house 
was made one week before sampling in order to obtain approval and to discuss the 
aim of the work. All selected houses agreed to participate. A list of questionnaire 
questions is presented in Appendix A-l.
3.2.3 Chemical Analysis
The chemical analysis was carried out by thermal desorption gas 
chromatography using a Perkin-Elmer automatic thermal desorber (ATD 400) PE 
8700 gas chromatograph and a PC with relevant GC software. The air sampling was 
carried out by diffusion using Perkin-Elmer stainless steel sampling tubes filled with 
adsorbent Tenax-TA (Figure 3.2). The development of the Perkin-Elmer tube 
sampler specifically designed for thermal desorption has been described elsewhere 
(Brown et al., 1981). The stainless steel tube is 8.5 cm long and 0.5 cm diameter 
within which an adsorbent is retained by stainless steel mesh. The rear end of the
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tube is sealed with a 0.5 cm swagelock fitting with a PTFE ferrule. At the sampling 
end there is an air gap between the mesh retaining the adsorbent and the end of the 
tube. The adsorbent used was Tenax-TA (60-80 mesh) which has a high temperature 
stability up to 300 °C and an inertness towards most pollutants. Tenax-TA was 
obtained from Polysciences, USA. Each tube was filled with 600 mg of the 
adsorbent. This was cleaned by heating in a flow of helium both before and after 
packing. Diffusion end caps were used.
The study employed a standard mixture of VOCs for the quantification. 
Standard mixtures of target compounds were used to standardize the method 
according to EPA methods TO-14 and 502.2. These standard reference compounds 
were obtained from Chemiservice, UK, and Polyscience, USA.
For gas chromatography analysis, a 100 m long and 0.32 mm I.D. capillary 
column with fused silica was used. Figure 3.3 shows a photograph and a schematic 
diagram for the whole GC/ATD system. Gas chromatography and thermal desorption 
conditions were selected after trials of separation and desorption of the VOCs. The 
applied analytical conditions followed three cycles of different temperature ranges. 
The first cycle is a primary desorption process from the tube (i.e. sample focusing). 
The second cycle is trapping in a cold trap at -30 °C. The third cycle is desorption of 
the focused sample from the cold trap into the column at 300 °C. The whole process 
is described as secondary desorption. The desorption duration was found to be five 
minutes. The spent tubes were again analyzed and the residual concentrations were 
found to be negligible.
The lowest detected area in the gas chromatography analysis determined the 
detection limit (DL) for each VOC. The response factor, which is the standard 
amount in pg divided by its detected area, was multiplied by the lowest detected area 
to obtain the minimum detected amount in pg. The lowest DL was for toluene, and 
was 0.0029 pg, while the highest DL was for 1,1,2,2-tetrachloroethane, which was 
0.0255 pg. The average detection limit for the VOCs studied was 0.00634 pg. The 
concentration (pg/m3) calculation was then based on the uptake air rate that was 
actually diffused through the tubes. The repeatability of the analysis was assessed by
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injecting 1 pi of the standard solution into five tubes. The calculated response factors 
for the five samples varied within 2.3 %.
Prior to collection of samples, an independent test was conducted to determine 
the time necessary to reach saturation conditions in the tubes. This test was 
conducted over a period of 21 days by using 40 sampling tubes. After the first 24 
hours, two sampling tubes were collected on a daily basis. Analysis showed that 
saturation was reached after seven days and after that the VOCs started to desorb back 
from the Tenax. Another test was performed to determine the uptake air rate 
throughout the sampling duration, based on a protocol described in the Perkin-Elmer 
Tube Manual. Active samples from indoors were collected using a constant suction 
rate pump along with passive samples, where the VOC enters the tubes by diffusion. 
The location (living room) and duration for both sampling techniques were fixed. The 
suction pump rate was 150 ml/min. The concentration from the active technique was 
the calculation based on the known uptake rate from each VOC. It was assumed that 
the passive technique concentrations were equal to active ones since all variable 
conditions were fixed. By comparing the amounts in pg for each VOC, the uptake 
rates, for diffusive sampling, varied in the range of 0.885 litre/day to 1.57 litre/day 
with an average value of 1.44 litre/day.
In all the houses under study, diffusive (passive) sampling was conducted 
during the period from December 1994 to June 1996. Six tubes were used in each 
house. Three of the six tubes were placed indoors and the remaining three were 
placed outdoors. Sampling was conducted over a period of seven days. All indoor 
tubes were placed in the living room. The samples were placed at an average distance 
of 90 cm above the floor and 60 cm from walls or fixed equipment (occupation zone 
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Figure 3.3 Photo and schematic diagram for the GC/ATD system.
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3.2.4 Statistical Analysis
Data on the compounds and indoor air characteristics of the houses were 
coded for each sampled house and fed into the computer. The data were arranged in a 
rectangular form with rows corresponding to cases (houses in this study) and columns 
corresponding to variables to be analyzed, which in this study included the 
compounds as well as the questions in the questionnaire. Each compound or question 
corresponded to a single column. The entries in the array were concentrations of the 
compounds, or responses to the questions in the questionnaire.
Factor analysis was performed on the columns that contained concentrations to 
derive a small number of highly positively correlated or negatively correlated 
compounds, which would explain the maximum amount of common variance in the 
data. Compounds levels were subjected to a lower detection limit (DL). The DL is a 
value such that the compound values assayed below the DL are not considered 
reliable enough to report. Data values below the DL are usually set to some specified 
constant or to the detection limit, which of course is an arbitrary decision. These 
values were known as censored values. In the first part of this study, it was decided 
that compounds with more than twenty percent censoring observations would be 
excluded from the analysis since a large number of censored values in the variable 
would produce a large bias in the results. This resulted in only thirteen compounds 
out of the thirty-two identified VOCs being retained in the study. Factor analysis was 
then performed on these thirteen compounds. Having extracted the factors, the next 
step was to rotate the initial factor matrix. The rotation phase of factor analysis 
attempts to transform the initial matrix into one that is easier to interpret. Among the 
several rotation methods (Chatfield and Collins, 1981 and Fraenkel, 1984) the 
Varimax criterion was selected which attempts to minimize the number of compounds 
that have high loadings on a factor. This enhanced the interpretability of the factors. 
Then, a second statistical method used was the non-parametric Kruskal-Wallis test in 
order to test for significant group differences in the factor scores where the groups are 
defined by the levels of the source/house characteristics. The results of the tests were 
then used to aid in interpreting the factors extracted from the factor analysis. The
4 1
second part of this study is to sum all the detected thirty-two VOCs as TVOC and to 
test the indoor/outdoor ratio, house location and seasonal effects on concentration.
3.3 Results and Discussion
3.3.1 Descriptive Statistics
Summary statistics for all the detected VOCs are listed in Table 3.1. The 
compounds are listed in their order of appearing in the chromatogram (i.e. ascending 
order in terms of retention time; a sample chromatogram is shown in Appendix A-2 
and a table listing physical and hazardous properties for most of the detected VOCs is 
attached in Appendix A-3). Some recorded concentrations are high compared with 
other published data such as that for benzene (Field et al., 1992 and Hines et al., 
1991). This result was expected, since the substantial petroleum industry and power 
plants are in a circle of 50 km diameter that includes all the sampling residential area 
(refer to Figure 3.1). Additionally, the indoor sources accumulate with time due to 
poor venting systems in most Kuwaiti houses. The total number of samples was 594 
divided equally between indoors and outdoors. In Table 3.2, the percentage of some 
selected responses for house characteristics and for VOC source characteristics of the 
sampled houses are listed. From this table, one can note that most of the houses 
(67.7%) were villas, and that the air conditioners of the houses were in operation in 
55.6% of the cases. Since it took over two years to complete the collection of the 
data, some houses were sampled in winter when the air conditioners were not in 
operation and others were sampled in summer when the air conditioners were 
normally in operation.
Box plots are prepared for all the detected VOCs. Aromatic compounds are 
shown in Figure 3.4 where xylene, benzene, toluene and ethylbenzene show high 
levels compared with others in the same group. Figure 3.5 shows the haloaromatic 
compounds where 1,2-dichlorobenzene has the highest concentration amongst the 
group. Carbon tetrachloride in the third group (haloaliphatic compounds) is almost 
one order of magnitude higher compared with others in Figure 3.6.
4 2
Table 3.1 Summary statistics of the VOCs measured in ninety nine Kuwaiti houses
during December 1994 to June 1996.













1,2-Dichloroethene 328.8 3048.2 733.6 349.8 4172.2 879.1
Methylenechloride 52.7 303.0 52.1 51.9 185.8 47.9
Bromochloromethene 10.7 77.0 19.0 11.0 66.3 17.6
1,2-DichIoroethane 25.8 460.1 71.0 34.4 939.5 113.3
1,1 -Dichloroethane 290.6 2006.8 408.7 325.7 2293.7 453.8
1,1,1-Trichloroethane 209.2 1514.3 346.5 227.0 2118.7 429.1
Benzene 480.4 4862.7 827.2 552.8 5988.3 1006.3
Carbontetrachloride 713.5 4945.6 914.4 657.2 2855.2 714.6
Flurobenzene 45.3 452.3 88.3 42.6 460.2 83.1
Dibromomethane 195.2 3556.7 516.4 274.3 4149.5 764.0
Toluene 254.6 1957.0 424.7 257.3 1971.4 473.4
2-Bromo 1 -chloropropane 83.1 510.6 126.4 91.8 1305.6 182.6
Tetrachloroethene 51.6 247.3 57.7 51.3 228.1 58.6
1,1,1,2-T erachloroethane 25.9 152.6 33.2 31.9 838.4 89.4
Chlorobenzene 13.2 371.4 54.3 12.3 602.1 68.7
Ethylbenzene 160.5 1054.3 253.8 205.0 3075.8 411.2
Styrene 99.9 822.3 141.8 119.6 1094.5 205.3
1,1,2,2-Tetrachloroethane 124.4 1069.3 184.4 102.5 762.1 181.6
Bromobenzene 32.4 718.7 78.9 32.4 753.3 85.0
N-Propylbenzene 67.6 352.5 75.4 71.0 458.7 92.0
2-Chlorotoluene 83.2 1007.1 167.7 97.4 1121.9 212.5
1,3,5-Trimethylbenzene 104.8 713.6 127.4 . 115.1 1096.9 161.6
T rans-butylbenzene 59.4 819.7 104.5 63.1 483.3 102.0
Sec-butylbenzene 34.8 458.3 74.1 19.3 270.0 38.5
1,2,4-Trichlorobenzene 36.6 316.2 45.0 44.5 875.8 93.4
1,2-Dibromo3-chloropropane 282.3 6464.5 851.3 110.2 2079.6 253.5
Xylene 408.2 2458.9 529.2 436.6 3792.9 687.6
Iso-propyl benzene 90.6 1025.3 196.6 111.9 2691.7 360.3
4-Chlorotoluene 23.0 309.0 45.4 23.4 412.0 49.5
1,2-Dichlorobenzene 243.4 2046.7 349.9 149.8 1852.0 261.8
1.2.3-Trichlorobenzene 47.6 310.9 79.2 30.8 440.4 65.0
Hexa-chlorobutadiene 18.3 223.7 43.0 13.9 157.4 35.0
S.D. Standard Deviation
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Air conditioner type 50.5% central unit 
22.2% wall unit 
27.3% split unit






84.8% one to two kitchens. 
15.2% three to four kitchens.






23.2% one to two bathrooms. 
36.4% three to four baths. 
40.4% more than four.
Usage of moth balls. 47.5% Yes 
52.5% No
Usage of exhaust fan in 
Kitchens
86.9% Yes. 
13.1% No. . .






14.1% from less than a month. 
22.2%from more than a month 
to less than 6 months.








34.4% gas and electric.
Animals in the house 33.3% Yes 
66.7% No
Car parking 8.1 % inside the house fence. 
58.6% outside the house fence. 
33.3% both inside and outside 
house fence.
Smokers in the house 45.5% Yes. 
54.5% No.
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Figure 3.4 Concentration distribution as Box Plots for Aromatic VOC. 
(The box contains 95% of the sample, the horizontal line inside the box 
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Figure 3.6 Concentration distribution as Box Plots for Haloaliphatic VOC.
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Thirty two of the measured VOCs are grouped into four classes for the 
purpose of data summarization. This classification was based on three basic chemical 
structures of the compounds (Table 3.3). This classification is verified by computing 
the correlation matrix between the compounds in each group. Some selected 
correlation coefficients between compounds are listed in Table 3.3. The Box-Plots 
shown in Figure 3.7 show the four groups’ total concentrations for all the houses 
under study. From this plot one can see that the total volatile organic compounds 
(TVOC) detected indoors are mainly haloaliphatic compounds.
3.3.2 Factor Analysis
Since a large number of highly correlated compounds (13 VOCs) were found, 
an important objective of this part of the study was to reduce the number of 
compounds by finding a few factors which would account for the common variance of 
these compounds. To this end, factor analysis was performed separately on the indoor 
data and on the outdoor data. Table 3.4 presents the loadings obtained from these 
analyses. In the table only factor loadings equal to or larger than 0.5 in absolute 
values are listed. The method of principal components for extracting the factors and 
rotating the factors according to the Varimax method is used. Four factors were 
extracted in each case and the number of factors extracted was dependent on the eigen 
values (values have to be greater than one). For the indoor data, the four factors 
explained about 80.9% of the common variance in the data set. The four factors are 
named FI-in, F2-in, F3-in, and F4-in, respectively. The first factor alone explained 
about 42.7% of the variance and the remaining factors explained, in order, about 
18.0%, 12.1%, and 8.0% of the variance. Among all compounds, 1,1,1- 
trichloroethane, 1,1,2,2-tetrachloroethane, ethylbenzene, xylene and n-propylbenzene 
showed the highest loadings (greater than 0.5) for the first factor. Molecular weights 
for these compounds range from 106 to 167 and the boiling points from 74°C to 
159°C (Table 3.5). 1,1,2,2-tetrachloroethane and trichloroethane are aliphatic 
chlorinated hydrocarbons while ethylbenzene, xylene and n-propylbenzene are 
aromatic compounds.
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N-Propylbenzene 1,2,4-Trichlorobenzene 1,1 -Dichloroethane
1,3,5-Trimethylbenzene 4-Chlorotoluene 1,1,1-Trichloroethane
T rans-butylbenzene 1,2-Dichlorobenzene Carbontetrachloride
Sec-butylbenzene 1,2,3-Trichlorobenzene Dibromomethane






















1,3,5-Trimethylbenzene (0.756) 1,2-Dichlorobenzene (0.711) 1,1,1,2-Tetrachloroethane(0.633)

























Figure 3.7 Concentration distribution for the classified groups.
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Table 3.4 Factor analysis for indoor and outdoor data of volatile 
organic compounds.
VOCs Indoor Factors Loadings



















Eigen value 5.5548 2.3457 1.5770 1.0439
%  variation 42.7 18.0 12.1 8.0
VOCs Outdoor Factors Loadings




















Eigen value 5.7217 1.6661 1.5797 1.1164
% variation 44.0 12.8 12.2 8.6
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Table 3.5 Som e characteristics o f  the detected VOCs.






















































The second factor consisted of three compounds with high factor loadings, 
namely dibromomethane, benzene and styrene. For the third factor, chlorobenzene,
1,2-dichlorobenzene, l,2-dibromo3-chloropropane and 1,3,5-trimethylbenzene had 
the highest factor loadings. They are halogenated hydrocarbons, except for the 
aromatic 1,3,5-trimethylbenzene, with high molecular weights and boiling points.
In the case of the outdoor data, four factors were also extracted and the 
loadings on the factors are also included in Table 3.4 and labelled, respectively, as 
FI-out, F2-out, F3-out, and F4-out. The four factors together explained about 77.6% 
of the common variance in the data. Of this percentage, 44.0% of the variance is 
explained by the first factor alone followed by 12.8%, 12.2%, and 8.6% by the 
second, third and fourth factors, respectively. Dibromomethane, benzene and styrene 
are compounds with the highest factor loadings on the first factor. This group of 
compounds is the same group of compounds which had the highest loadings on F2-in. 
Conclusions about the other groups of compounds are shown in Table 3.6.
Table 3.6 Highest loading factors: interactions between indoors and outdoors.
Compound Indoor Outdoor
Dibromomethane F2-in F 1-out
Benzene F2-in FI-out
Styrene v F2-in FI-out
1,1,-Trichloroethane Fl-in F2-out
1,1,2,2-T etrachloroethane Fl-in F2-out
Ethylbenzene Fl-in F2-out





1,3,5 -T rimethy lbenzene F3-in -----------
1,2-Dichloroethane 







To investigate other sources for indoor and outdoor VOCs, statistical tests 
were performed on the factors for a number of candidate sources suggested in the 
literature. The nonparametric Kruskal-Wallis test was performed on groups of houses 
defined by levels of the source characteristics. Each factor was tested on groups 
defined by a given source characteristic, and if a significant difference from the test 
resulted, it would be concluded that the source characteristic in question could be a 
potential source for the factor. Table 3.7 presents the potential sources for the 
factors, both for indoors and outdoors, based on the results from Kruskal-Wallis tests. 
Consider for instance, F l-in  which was found to be significant with moth balls, 
working air conditioners, number of kitchens and bathrooms and usage of air 
fresheners, with p-values less than 0.05. For higher p-values (greater than 0.05 and 
less than 0.1), air conditioner type, usage of pesticides and presence of constructions 
nearby the house were found to be significant sources.
One or more of the following sources or their interactions were responsible for 
the emission of volatile organic compounds. For aromatics in Fl-in, the sources could 
be burned air fresheners, car parking and nearby constructions whilst for halogenated 
hydrocarbons, the sources could be air fresheners and pesticides. This interpretation is 
in agreement with research reported elsewhere (Wallace et al. 1990, Krause et al. 
1987 and Sandler et al. 1985) where it was concluded that sources of emission for 
aromatics and halogenated hydrocarbons include smoking, motor vehicle emissions, 
use of consumer products, household cleaners, moth balls, building materials, paints 
and the combustion of fuels for heating and working.
Since compounds for F l-in were the same as for F2-out except for xylene, the 
sources for xylene may be found by inspecting sources for Fl-in and F3-out but not 
F2-out. By inspection one would conclude that xylene could have come from burned 
air freshener and coke grilling. This seems reasonable since xylene is an aromatic and 
aromatics are mostly produced from burning emissions. Using a similar argument 
would lead to the conclusion that the source of 1,3,5-trimethylbenzene was most 
likely stove type and coke grilling since most combustion by-products emit aromatics.
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Table 3.7 Potential sources found significant using Kruskal-Wallis test.
Factors Potential sources for indoor (p-value) Factors Potential sources for outdoor (p-value)
Fl-in
Usage of moth balls( 0.0016)
Air conditioner ON (0.0025)
Number of Bathrooms(0.0307)
Usage of air ffesheners(0.0365)
Usage of burned air freshener (0.0482) 
Number of Kitchens (0.0487)
Air conditioning type (0.0640)
Usage of pesticides (0.0830)
Presence of animals indoor (0.0892) 
Construction nearby (0.0908)
Number of indoor bathrooms (0.0995)
Fl-out
Usage of moth balls (0.0023)
Air conditioner ON (0.0088)
Usage of plant pesticides (0.0558) 
Hobbies indoor (0.059)
Usage of burned air freshener (0.1002)
F2-in
Usage of moth balls (0.0025) 
Construction nearby (0.018) 
Stove type (0.0874)
F2-out
Usage of pesticides (0.0068)
Usage of moth balls (0.0100)
House type (0.0396)
Usage of air fresheners (0.0429) 
Number of indoor kitchens (0.0606) 
Number of bathrooms (0.0607)
F3-in
Air conditioner ON (0.0000)
House type (0.0168)
Usage of pesticides (0.0311)
Number of moth balls (0.0395)
Stove type (0.0405)
Usage of kerosene heaters (0.0721) 
Time duration for moth balls (0.0796) 
Car parking nearby (0.0929)
F3-out
Presence of kitchen vents (0.0062)
Air conditioner ON (0.0143)
Air conditioning cooling (0.0653) 
Usage of coke grilling (0.0903)
Usage of burned air freshener(0.1038) 
Usage of moth balls (0.1040)
F4-in
Air conditioner ON (0.0180) 
Presence of kitchen vent (0.0320) 
Air conditioning cooling (0.0346) 
Usage of pesticides (0.0348) 
Presence of animals indoor (0.0377) 
Usage of air fresheners (0.0949)
F4-out
Air conditioner ON (0.0000)
Usage of air fresheners (0.0227) 
House type (0.0518)
Presence of animals indoor (0.0964) 
Usage of pesticides (0.1020)
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As for sources of halogenated hydrocarbons, one may conclude as significant 
effects the number of kitchens, bathrooms and detergents usually used. Moreover, air 
conditioning and kitchen vents both affect the exchange rate of indoor air. A low 
exchange rate, for instance, would result in the accumulation of pollutants and would 
produce high levels of VOCs indoors. The house type seems to be related to the size 
of the indoor space and serves as an indication of the air rate being exchanged.
A visual representation of the effects of some selected sources on the factors is 
shown in Figure 3.8 for indoors. The figure plots the means of the factor scores 
versus source levels. Factor scores are standardized scores and therefore a positive 
score indicates above average concentrations whilst a negative score indicates below 
average concentrations measured in standard error units. In Figure 3.8(a) air 
fresheners had positive factor score means for F3-in when air fresheners were used 
but, when not used, had positive factor score means for Fl-in. This indicates that the 
indoor levels of chloroaromatic compounds in F3-in would increase with the use of 
air fresheners. Also, the aromatics and chloroaliphatics in Fl-in would not increase 
with the use of air fresheners. In Figure 3.8(b) F4-in had a mean positive score when 
pesticides were used and a mean positive score for Fl-in when not used. Again, the 
conclusion is that concentrations of 1,2-Dichloroethane would increase with the use 
of pesticides. A third source of interest is moth balls and is illustrated Figure 3.8(c). 
Only F3-in had a positive mean score when moth balls were used. The emission of
1,2-Dichlorobenzene is thought to be the reason since moth balls are a potential 
source for 1,2-Dichlorobenzene indoors (Tichenor et al. 1990).
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Forty nine houses were sampled in winter from December, 1994 to February, 
1995 and the rest were sampled in summer during May and June 1996. The 
parameter total volatile organic compounds (TVOC) is plotted for the houses sampled 
in winter and for those sampled in summer in Figure 3.9. Due to lower air exchange 
rates indoors in winter (since air conditioners were off) the TVOC concentrations are 
higher in winter compared with those in summer.
3.3.4 Indoor/Outdoor Relationship
It was stated in the literature that VOCs had a wide range of concentration but 
were generally higher, sometimes an order of magnitude higher, indoors than 
outdoors. This observation is tested here based on statistical analysis. In order to 
know the difference in the mean concentration of TVOC indoors and outdoors, 
normality and homogeneity assumptions have to be checked first. Upon the 
nonparametric N orm ality-T est method being found invalid (since p-values are all 
below the level of significance) a parametric method using transformation application, 
as the natural logarithm of concentration, was used. This succeeded in satisfying the 
normal distribution with p-values showing significance.
The homogeneity of variance assumption was valid using the Levene-Test. 
After verifying the two assumptions (normality and homogeneity), a parametric 
method can be used as the P aired -T  Test. This test shows that the natural logarithm 
of indoor mean TVOC concentrations and outdoor mean concentrations were 
significantly different with a p-value of 0.008. This analytical procedure was carried 
out to assure that the sources of the outdoor concentrations were mainly from outdoor 
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Figure 3.10 Variation of indoor to outdoor concentration 
ratio within the sampled houses.
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The second step in studying the indoor/outdoor relationship is to calculate the 
ratio o f indoor to outdoor concentrations for the TVOC. This ratio is plotted for all 
houses in a scatter plot shown in Figure 3.10. Analyzing this plot, the number of 
houses for a ratio greater than one is greater than the number of houses with a ratio 
less than one. Furthermore, the W ilcoxon-Signed R anks Test determines whether the 
mean of the ratio equals unity or not. The result of this test shows that the ratio for 
TVOC is significantly different from one. (The significance is given for each test in 
Appendix A-4)
3.3.5 Potential Sources for TVOC
An attempt was made to correlate the questionnaire responses to TVOC 
concentration in order to detect some of the indoor potential sources. First, box plots 
were prepared for all questionnaire results and Figure 3.11 (a)-(h) shows selected 
questions which may give an indication towards sources. For example, Figure 3.11(b) 
shows that when the air conditioner is working, low TVOC concentrations are 
detected. This is due to the higher ventilation rate through the HVAC system. In 
addition, if the maintenance period on air conditioner filters is greater than six 
months, the ventilation efficiency decreases and the TVOC concentrations increase as 
seen in Figure 3.11(d). Similar discussion could be applied to the other figures. 
Second, the Levene Test was used to test for significance. It was found that with the 
Air Conditioning system (AC) working while sampling, the AC type and sanitary 
maintenance are significant on TVOC concentration. Occupants’ activities and 
hobbies such as painting, varnishing and others are also found to be significant with 



































Figure 3 .11(a) TVOC concentration versus air conditioning type.
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Figure 3.11(e) TVOC concentration versus sanitary maintenance period
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The residential area in Kuwait covers a relatively small area less than 1/10 of 
the total 17,818 km2 area of the country. The main sources of air pollutants are 
petroleum refineries and related industries, to the south of the capital Kuwait city 
(govemorate 1) in Shuaiba industrial area. Another source is energy production from 
oil fired power plants (Doha power station) to the west of the capital city (refer to 
Figure 3.1). Road traffic can also increase pollutant levels especially during rush 
hours.
The TVOC concentrations are plotted on the Kuwait map for all the houses 
under study in Figure 3.12. The capital govomorate, number 1, has the lowest 
concentrations while residences near the refineries in govemorate number 4 have the 
highest TVOC concentrations indoors. In addition, the houses to the west of the 
power station in govemorate number 5 also have high TVOC concentrations. This 
can lead to a conclusion that if  the indoor environment is poor, ventilation with the 
outdoor air is not always the solution to the problem especially for certain house 
locations.
3.4 Conclusion
The housing characteristics and VOC source characteristics have provided an 
overall idea with regard to the different house characteristics and usage of different 
pollutant sources. Application of factor analysis indicated groups of compounds 
commonly found in houses. The factor analysis results, combined with the Kruskal 
Wallis test, show the trends for individual compounds or clusters of compounds 
known to be emitted from specific sources of pollutants present in Kuwaiti homes. It 
has been found that air fresheners and pesticides are the main sources for chlorinated 
compounds found indoors, while aromatics are related to outdoor activities such as 
car parking and nearby constructions, and sometimes from burning emissions indoors. 
Air conditioning system parameters such as: types, filter maintenance and working 
periods have significant effects on indoor TVOC levels. Finally, high outdoor levels 






Figure 3.12 TVOC concentrations (pg/m3) on the sampled residential area.
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MEASUREMENTS AND ESTIMATION OF 
AIR EXCHANGE RATE 
IN RESIDENCES
4.1 Introduction
Indoor air quality (IAQ) is recently receiving increased attention by various 
researchers and public health officials. The human exposure to a variety of indoor 
pollutants and the cost of energy are the motivation to this concern. More extensive 
use of insulation, tighter building design to reduce infiltration, and increased ratios of 
recirculated/makeup air help to conserve energy but however cause rising pollutant 
concentrations in interior spaces.
Indoor air quality (IAQ) can be defined as the nature of air that affects an 
occupant’s health and well-being. In more technical words, IAQ is an indication of 
how air satisfies the thermal comfort, normal concentration of respiratory gases, such 
as oxygen and carbon dioxide, and acceptable limits of air pollutants (Woods, 1986). 
In order to provide a healthy and comfortable environment, the building heating and 
ventilating air conditioning (HVAC) system must provide both thermal control and air 
of sufficient quality.
The way in which models address airflow and building parameters are also 
crucial, although less experienced model users are often not aware of the sensitivity of 
indoor pollutant concentrations to these factors. Two types of parameters are very 
significant (Austin et al., 1992):
• airflow parameter, such as the number of air changes per hour (i.e., how many 
times per hour the room air is completely exchanged with outdoor a ir), and
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• building parameters that control airflow characteristics, such as the number of 
doors and windows, the type of HVAC system, and the size of the rooms.
Ventilation codes and standards for indoor air quality levels are based on 
scientific and medical data, but they offer little guidance on how to construct or 
design a system that provides the required quality. As measurements are essential for 
performance assessment, so models are essential for design. The development and 
application of validated mathematical models can provide the designer, the building 
operator and the occupants with tools that can relate the design of the system to the 
expected exposure of the individuals.
The most practical way of providing air with acceptable quality is to allow 
maximum outside air to flush accumulated levels of contaminants indoors. In the case 
of volatile organic compounds, most published studies reveal that indoor levels 
exceed outdoor levels by orders of magnitudes (Wallace et al. (1991); Gupta et al. 
(1984); Pellizzari et al. (1986); Cohen et al. (1989); Lewtas (1989) and Seifert and 
Ulrich (1987)). Less flushing of indoor air by the outdoor air results in higher 
concentrations of pollutants especially when the pollutant source is located indoors.
In the detailed study described in Chapter 3, indoor and outdoor 
concentrations of certain volatile organic compounds (VOCs) were measured in the 
residential areas of Kuwait with an ultimate aim of developing a mathematical indoor 
air quality model. The model requires, amongst other things, an accurate estimate of 
air exchange rate. The air exchange rate of a building cannot be estimated based on 
the building’s construction or age or from a simple visual inspection. It is only 
possible when a detailed quantification of the leakage sites and their magnitude areas 
are made. It is then straight forward to calculate the air exchange rate of a building 
given the location and leakage functions for every opening in the building envelope, 
the wind and stack coefficients over the building envelope, and any mechanical 
ventilation air flow rates. Although these inputs are normally available, studies 
involving experimental verification are scarce so that the reliability of these 
calculations is not known. Further, it is also uncertain whether these techniques can 
be used confidently for buildings which may have different physical characteristics
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for a particular geographical location such as those in Kuwait and in the Arabian 
Peninsula. The buildings in these locations are relatively new and are designed to 
cope with harsh conditions, both in terms of extreme temperature and dust storms. 
Therefore, the aim of the work described in this chapter is to measure air exchange 
rates for some typical Kuwaiti residential buildings and to compare them with the 
predictions, the ultimate goal being to obtain a modified predictive technique.
4.2 Air Exchange Measurements
A tracer gas method is used in the present study to determine the air exchange 
rate in ten Kuwaiti residential buildings. An appropriate tracer gas should not be a 
normal constituent of air and it has to be measurable by a technique that is free from 
interferences by substances which are normally present in ambient air. Here SF6 
(sulphur hexafluoride) was chosen as a tracer gas which is chemically inert when pure 
and is also non toxic.
The maximum allowable concentration of SF6 in air (vol./vol.) was 1000 ppm 
and the minimum detectable concentration by gas chromatography was 0.000002 ppm 
(ASTM E741-83). On the other hand, the average tropospheric background 
concentration of SF6 is 10'6 ppm and the typical indoor and urban ambient 
concentration is around 10'5 ppm. The volume of SF6 which was released throughout 
the entire house was therefore adjusted according to the indoor volume. It was then 
allowed to mix with the indoor air for about 30 minutes. Then a series of air samples 
were collected intermittently over time at the sampling site which was the living 
room. A sequential air sampler with tedlar bags (model 1063 shown in Figure 4.1) 
was used for the automatic collection of air samples into six one-litre bags. Precise 
low flow rates were maintained using a critical orifice and applying a constant 
vacuum to the chamber.
The contents of the filled tedlar sampling bags were then analyzed for SFe 
using a UNICAM 4600 gas chromatograph (shown in Figure 4.2) with a 1.5 m long 
and 4 mm diameter Porapak column and a thermal conductivity detector. A 
previously prepared calibration curve for SF6 is used to convert area responses to
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concentrations in ppm. Other pertinent details were according to the procedure 
outlined in “ASTM E741-83: Standard Test Method for Determining Air Leakage 
Rate by Tracer Dilution.”
Figure 4.1 The sequential air sampler model 1063.
H2QEEB
' —  ’
Figure 4.2 The UNICAM 4600 gas chromatograph used in the analysis.
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4.3 Theoretical Background
Air exchange between indoors and outdoors consists of two groups: 
ventilation (controlled) and infiltration (uncontrolled). Ventilation can be natural and 
forced. Natural ventilation is unpowered air flow through open windows, doors and 
other intentional openings in the building envelope. On the other hand, forced 
ventilation is intentional and consists of powered air exchange by a fan or a blower 
and intake and/or exhaust vents that are specifically designed and installed for 
ventilation. Infiltration is uncontrolled air flow through cracks, interstices and other 
unintentional openings. Infiltration, exfiltration and natural ventilation air flows are 
caused by pressure differences due to wind and indoor-outdoor temperature 
differences. (Haghighat, 1989).
The relationship between the airflow through an opening in the building 
envelope Qn and the pressure difference across it is called the leakage function of the 
opening. The form of the leakage function depends on the geometry of the opening. 
The flow of air could also depend on the wind. Factors that affect the ventilation rate 
due to wind forces include the average speed and the prevailing direction. Equation 
(4.1) shows the quantity of air forced through a ventilation inlet by wind (ASHRAE, 
1993).
Q n =  C v A r u  (4.1)
where,
Qn = air flow rate, m3/s
Ar = free area of inlet opening, m2
u = wind speed, m/s
Cv = effectiveness of openings (Cv is assumed to be 0.5 to 0.6 for perpendicular
winds and 0.25 to 0.35 for diagonal winds)
Usually when the HVAC is on, the air exchange rate will be constant due to 
air flow rate through the HVAC, provided there is no flow through openings 
(windows and doors). However, infiltration though leakage will always be present
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(Shair and Heither, 1974). For the heating, ventilating and air conditioning (HVAC) 
system, duct measurements involving anemometry techniques are used to determine 
the value of air velocity within both duct make up and recirculation air. Several 
measurements were made during the sampling period. This was necessary to obtain 
the average value for air velocity. Therefore, the volumetric flow rate of air through 
the HVAC system Qc is obtained from,
Qc =Ac U c (4.2)
where Ac is the cross sectional area of the air conditioning duct and Uc is the average 
air velocity in the air conditioning duct.
Building air leakage is a physical property of a building and is determined by 
its design, construction, seasonal effects and deterioration over time. Both interior 
and exterior walls contribute to the leakage of the structure. Leakage between the sill 
plate and the foundation, cracks below the bottom of the gypsum wall board, electrical 
outlets, plumbing penetrations and leaks into the attic at the top plates of walls all 
occur. Leakage across the top ceiling of the heated space is particularly insidious 
because it reduces the effectiveness of insulation on the attic floor and contributes to 
infiltration heat loss. More variation is seen in window leakage among window types. 
Windows that seal by compressing the weatherstrip show significantly lower leakage 
than windows with sliding seals. A full table of the effective leakage areas for a 
variety of residential building components is listed in ASHRAE (1993) and in 
Appendix A-5 of this thesis.
To obtain the building’s total leakage area, one has to multiply the overall 
dimensions or number of occurrences of each component by the appropriate table 
entry. The sum of the resulting products is the total building leakage area. Using the 
effective leakage area, the air flow rate due to infiltration is calculated from the 
following equation:
Q,= L ( A . A T  +  B u 2) 0'5 x lO -3 (4.3)
where
Qi = air flow rate due to infiltration, m3/s
L = effective leakage area, cm2
As = stack coefficient, (litre/s)2 cm"4 C 1
AT = average indoor-outdoor temperature difference, C
B = wind coefficient, (litre/s)2 cm"4 (m/s)'2
u = average wind speed, m/s
As and B are listed for different house heights and surrounding terrain in ASHRAE 
(1993) and Appendix A-5. The sum of Q n, Q c and Qi divided by the indoor volume 
results in the air exchange rate.
In order to estimate the measured air exchange rate from the tracer 
experiments, the following equation was used (ASTM E741-83,1990)
Ct= C0 exp (-N t / 60) (4.4)
where
Q  = tracer gas concentration at time t, ppm
Co = tracer gas concentration at time = 0 , ppm
N = measured air exchange rate, hr'1
t = time, min.
Obviously Equation (4.4) is derived from an unsteady state mass balance equation 
where the indoor air is considered to be completely mixed.
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4.4 R esu lts  an d  D iscussion
Air exchange rates in ten houses with different volumes, configurations and 
occupant activities were measured. The data were analyzed according to Equation 
(4.4) and three typical plots of the tracer gas concentration against time are shown in 
Figure 4.3 for three of the houses. The variation in slopes in Figure 4.3 is due to the 
variation in air exchange rate which consequently means variation in modes of 
openings in each house. The air exchange rates using Equation (4.4) for all houses 
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Figure 4.3 Measured tracer gas concentration for selected houses.
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Air samples were collected for volatile organic compounds (VOCs) for the 
ten houses using the diffusive passive technique. The measured total volatile organic 
compound (TVOC) concentrations and the corresponding measured air exchange rates 
for the ten houses are shown in Figure 4.4. In this figure, the relation between high 
air exchange rate and low TVOC is illustrated. Clearly, higher air flow rates flush out 
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Figure 4.4 Relation between measured TVOC concentration and
m easured air exchange rates.
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Five of the houses were investigated in summer (house numbers: 1,2,4,7 and 
10) whereas the remaining five were studied in winter. In the first five, the air 
conditioning system for cooling was affecting the air exchange rate. Of the remaining 
five, one (house number 3) used the air conditioning system for heating and the rest 
left the windows open during the sampling time. Table 4.2 lists the three air flow 
rates which affect the air exchange rate, namely the air conditioning Equation (4.2), 
the building leakage Equation (4.3) and the openings Equation (4.1). With air 
conditioning, the indoor pressure should be slightly higher than the atmospheric 
pressure and, therefore, infiltration may not exist. The average wind speed used in 
Equations (4.1) and (4.3), for the batch of houses studied in winter was 3.5 m/s and in 
summer was 6 m/s (data collected from Airport Metereological Department, Kuwait). 
The temperature difference used in Equation (4.3) for summer is in the range of 20 to
o o
25 C while in winter is -2 to -5 C . The average air flow rate for air conditioning 
ducts varied between 500 to 850 m3/hr for central units and between 350 to 650 m3/hr 
for split and wall units. The calculated total air flow rate was then divided by the 
indoor volume to get the air exchange rate. In general, the air exchange rate through 
the air conditioning system was found to be lower than the air exchange rate through 
the openings. There is no large difference between cooling and heating systems in 
terms of flow rates.








1 0.485 - ** 0.485
2 0.566 - 0.566
3 0.350 - ** 0.350
4 0.320 - ** 0.320
5 * 0.097 2.362 2.459
6 * 0.284 0.886 1.170
7 0.463 - ** 0.463
8 * 0.275 1.856 2.131
9 * 0.172 1.417 1.589
10 0.680 - ** 0.680
* Air conditioner was not working.
** No openings while air conditioner was working.
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Table 4.3 shows the details of effective leakage area for a selected house 
(Number 9 in Table 4.2) which is a two floor building. The total effective leakage
area is 1061.55 cm2 (£ D i Li). A stack coefficient As of 0.00029 (litre/s)2cm'4 ( C )_1 
and a wind coefficient B of 0.000137 (litre/s)2cm'4(m/s)‘2 are used as given in
O
ASHRAE (1993). The average indoor-outdoor temperature difference is 10 C . 
was calculated from Equation (4.3) to be 258.58 m3/hr. Taking the effectiveness of 
openings as 0.25, the air flow rate through opened windows was calculated by 
Equation (4.1) to be 2126 m /hr. During the sampling period there was no mechanical 
ventilation and so Qc = 0. Summing Qi and Qn and dividing by the indoor volume of 
1500 m3, the predicted air exchange rate was found to be 1.5894 hr’1. Similar 
calculations were carried out for the other houses and the results are summarized in 
Table 4.2.





Doors, weather stripped 20 cm2/each 2 40
Doors frame, general 12 cm2/each 2 24
Windows, weather stripped, slider 0.72 cm2/m 18.4 13.25
Ceiling 1.8 cm2/m2 250.5 450.9
Electrical sockets 2.5 cm /each 14 35
Vents 40 cm2/each 2 80
Low density brick 1.1 cm2/m2 380.4 418.4
* Leakage
** Dimensions (area or perimeter or units)
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A plot o f measured air exchange rates versus predicted values is shown in 
Figure 4.5 which gives a simple linear relationship. As a result, the following 
modified air exchange model can be proposed:
N  =  [c . A  , u + Qc +  L (A . A T +  B u 2 ) 05 (4.5)





2 250.5 1 1.5
Predicted air exchange rate, hr-1
Figure 4.5 Measured vs. predicted air exchange rates for all the houses.
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Table 4.4 shows both the measured and the predicted air exchange rates by 
using the modified equation, that is Equation (4.5). The normalized mean square 
error (NMSE) and the fractional bias (FB) were found to 0.00337 and 0.05803 
respectively indicating that the use of Equation (4.5) is acceptable. Definitions of 
NMSE and FB are listed in Appendix A-4.


















The findings of this study show clearly that predictions based on the 
coefficients of ASHRAE (1993) overestimate consistently by about 30% the 
measured air exchange rate values of Kuwaiti residential buildings. The ratio of 
measured to estimated air exchange rates is the mixing factor. Therefore, care should 
be exercised when using the ASHRAE coefficient for buildings such as those in 
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SORPTION / DESORPTION BEHAVIOUR FOR 
VOLATILE ORGANIC COMPOUNDS
5.1 Introduction
Only recently has there been a significant effort to identify and characterize 
the wide range of indoor airborne pollutants. Indoor pollutants are generally placed 
into five classes. These are particulates, radionuclides, microbiological species, 
chemicals and combustion products. Volatile Organic Compounds (VOC) constitute 
a major portion of indoor chemical pollutants. Due to the increasing health concern 
and advances in analytical techniques, the focus of indoor air quality (IAQ) research 
has shifted from characterization of particulate matter and inorganic gases towards 
measurements of VOCs and determination of their adverse effects. Even more 
interest is devoted to risk assessment and management as well as to IAQ control and 
remediation (NATO, 1996).
More than 300 VOCs detected in outdoor and indoor air are listed in a USEPA 
database (Shah and Heyerdahl, 1988). In 52% of the VOC determination studies, 
inadequate building ventilation is identified to be the major reason for the indoor 
accumulation of such compounds (Wallingford, 1988). On the other hand, 11% of the 
cases are due to exterior sources such as motor vehicle exhausts, boiler gases and 
outdoor construction. Contamination from indoor sources, such as cleaning agents 
and smoke, is identified in 17% of the cases (USEPA, 1989). About one-half of the 
IAQ problems are caused by energy conservation attempts.
From the literature review in Chapter 2, it can be concluded that insufficient 
information regarding adsorption and desorption behaviour of VOCs on and from
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indoor surfaces is a major shortcoming in indoor air quality modelling. The work 
described in this chapter is one part of the more integrated research aim of assessing 
indoor air quality in one hundred residences in Kuwait. The houses were selected 
randomly but they represent the five govemorates as described in Chapter 3. The 
indoor and outdoor sampling was based on passive diffusion for all houses as a first 
phase of measurement in the project. Twenty houses from the one hundred were then 
selected based on the large variation between indoor and outdoor concentrations. The 
selected houses vary also in location, i.e. some houses are close to the petroleum 
industry plants where outdoor pollution levels are high, whilst others are located in 
high density traffic areas. The ventilation characteristics and air conditioning systems 
were different in the twenty selected houses. Sampling in the twenty selected houses 
was then repeated but using active sampling versus time. The living room was chosen 
for air sample collection in all houses under study. Indoor and outdoor concentration 
measurements in the twenty typical Kuwaiti houses were then used in a model to 
estimate the adsorption rate constant for VOCs. The calculated surface sorption 
constants were related to the chemical structure of the VOCs. The removal rate and 
the generation or source terms were also determined.
5.2 Measurements and Analytical Methods
The same stainless steel tubes previously described in Chapter 3 were used in 
this study. Prior to sampling, the tubes were conditioned to ensure absence of any 
VOC or other contaminants. The conditioned tubes were kept in an inert atmosphere 
desiccator during shipping and storage before distribution for sampling. Active 
sampling was performed indoors and outdoors over a period of 24 hours. A total of 
24 tubes and two sampling pumps (Perkin Elmer Sequential Tube Sampler STS25 
shown in Figure 5.1) were used for each house. The tubes were equally divided 
between indoor and outdoor pumps. This means that 12 samples were taken from each 
house and these samples were taken every other hour for 24 hours. Active sampling 
was performed at an interval of one hour and a constant suction rate. The suction rate 
was calibrated in the laboratory for each pump prior to distribution for sampling. The 
pump sampling rates ranged from 3 litre/hr to 4.8 litre/hr. The average indoor 
temperature for all houses during the period of study was measured and found to be
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25 °C, since most o f the houses were air conditioned and the indoor temperature and 
relative humidity were controlled through the heating and ventilating air conditioning 
system (HVAC). The living rooms were selected as sampling locations in all the 
twenty houses under study. The samples were placed in the occupation zone. All the 
Tenax-tubes were analyzed within not more than one week after sampling. The 
analysis was carried out by thermal desorption gas chromatography using the Perkin 
Elmer automatic thermal desorber (ATD 400) described in detail in Chapter 3.
Indoor air exchange rates were determined by the tracer gas method in some 
houses under study. A certain amount of SF6 was released throughout the house. 
Then a series o f  air samples were collected from the living room intermittently over 
time after 30 minutes o f release. The samples were analyzed for SF6 content using a 
gas chromatograph (UNICAM 4600). Pertinent details can be found in Chapter 4.
Figure 5.1 Perkin Elmer Sequential Tube Sampler STS25
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5.3 Mathematical Model
A mathematical model developed by Dockery and Spengler (1981) and Hayes 
(1991) was used in this study and modified into a linear relationship. The model 
expressed the time dependent accumulation of pollutants in confined spaces in terms 
of outdoor concentration, source and removal terms. Input and output pollutant rates 
were expressed in terms of the air infiltration and make up volumetric rates since the 
ratio between makeup and recirculation air through the HVAC system ranged from 
0.1 to 0.25 (Hayes, 1991). Air infiltration and makeup air rates included the driving 
force for transport, or simply, the difference between outdoor and indoor pollutant 
concentrations. The recirculation term was expressed in terms of the indoor pollutant 
concentration and the air recirculation rate. The generation or production rate was 
expressed in terms of the source emission rate per space volume. The removal rate 
was expressed in terms of the indoor pollutant concentration and the sorption rate 
constant. As a result, the model was written as follows,
j p
—  = k am ( C o ( t )  -  C i ( t ) )  + k ar (E p C o (t )  -  C i ( t ) )  +  
d t  
k ar(ER -1 )  Ci(t) -  K (A / V) C<t) + S(t) / V
where 
Ci = indoor concentration, mg/m3
Co = outdoor concentration, mg/m
A interior surface area, m2
af outdoor makeup air flow rate divided by the room volume, hr'1
— infiltration flow rate divided by the room volume, hr'1
ar recirculated air flow rate divided by the room volume, hr'1
Ef = filter efficiency of the makeup air in the common HVAC system
E r =
(1-Ff where Ff is the fraction of the pollutant removed by the filter) 
filter efficiency of the recirculated air in the common HVAC system
K pollutant adsorptivity factor (the rate constant associated with surface
k
decomposition or settling depending on the pollutant), m/hr 
mixing factor, the fraction of the pollutant mass that is uniformly
S(t) =
mixed with room air 




room volume, m .
By including infiltration and make up air through the air conditioning system, in one 
total air exchange rate (N) Equation (5.1) simplifies to,
—  =  N  ( C o ( t )  -  C i ( t ) )  -  K  ( A  /  V )  C i ( t )  +  S ( t )  /  V  
d t
Equation (5.2) was integrated over a short time interval, At, in order to allow for 
averaging of various variables and parameters. The integrated form of Equation (5.2) 
can be used to determine the variation in the concentration of indoor pollutant with 
time as shown in Equation (5.3),
where Co and Ci are the time average values of outdoor and indoor pollutant 
concentrations. In Equation (5.3) it is assumed that the source term is time 
independent.
The left hand side of Equation (5.3) was set to zero on the assumption that no 
change in concentration occurs through the one hour sampling time. Then, the 
average indoor pollutant concentration can be obtained by rearrangement of Equation
(5.3) as follows,
Equation (5.4) is a linear relation of the averages of the indoor and outdoor 
concentrations. The linear relation has a slope that is a function of the removal rate 
constant, KA/V, and an intercept which includes the generation rate, S.
C(t + At) -  G(t) 
At
N G -  [N + K A/V] G + S/V (5.3)
N  + KA/V (5.4)
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5.4 Results and Discussion
A total of 47 volatile organic compounds (VOC) were identified in the twenty 
houses under study. The concentration of each was calculated using the actual 
amount of air sampled and expressed in terms of pg/m . The total number of VOCs 
was reduced through three steps in order to ease the analysis and modeling. Since one 
of the work objectives was to relate the removal rates of VOCs to their chemical 
structures, summing the concentrations of isomers was the first step. As a result of 
this step the number of VOCs was reduced to 27. The second step was the selection 
of compounds that were most predominant and had the highest concentrations in all 
houses. This selection was based on statistical analysis such as percent frequency of 
occurrence for each compound. The number was then reduced to 17 major 
compounds. The third step was grouping of the 17 VOCs into three main groups: 
aromatics, halogenated aromatics and halogenated aliphatics. This step was based on 
the similarities in the physical and chemical properties. Table 5.1 shows the ranking 
of the 27 VOCs in a descending order in terms of their percent of occurrence in the 20 
houses. The compounds with percent frequency of occurrence higher than 90% were 
considered as predominant compounds. The detection limit and the minimum 
detected concentration are also listed in Table 5.1. It can be seen that carbon- 
tetrachloride had the highest detection limit while xylene had the lowest detection 
limit among all the detected indoor VOCs.
[The remainder of this page has intentionally been left blank]
Table 5.1 Percent of frequency of occurrence of volatile organic compounds (VOCs) 

















Benzene2 100 0.0348 2.31 Chlorotoluene2 97 0.1482 2.75 Dichloroethylene2 100 0.3139 2.70
Toluene2 100 0.0288 4.63 Dichlorobenzene2 92 0.0298 2.04 Trichloroethane2 100 0.1661 4.90
Xylene2 100 0.0271 2.60 Flurobenzene2 90 0.0660 1.01 Dichloropropane2 100 0.1718 1.51
Styrene2 97 0.0763 0.84 Bromobenzene 65 0.0817 1.12 Dibromomethane2 100 0.1375 2.62
Trimethylbenzene2 93 0.0491 5.75 Chlorobenzene 23 0.0461 0.66 Chloroform2 97 0.4377 21.00
Butylbenzene2 93 0.0275 233 Trichlorobenzene 14 0.1693 2.60 T etrachloroethane2 93 0.0376 1.73
Propylbenzene2 93 0.0763 2.90 T etrachloroethylene2 93 03555 0.72
Carbontetrachloride 75 0.4926 2.1
Trichloropropane 72 0.1423 1.55
Metbylenechloride 66 02620 126
Bromochloropropane 57 0.1787 2.34
Dibromopropane 12 0.1375 2.62
Bromochloromethane 10 0.0998 2.09
Hexachlorobutadiene 7 0.4301 320
1 Total number of observations is 226.
2 selected as predominant.
3%F= percent frequency of occurrence in houses. (100% means that the compound exists in all houses tested)
4 D.L. is the detection Limit
5 Min is the lowest detected concentration.
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Figure 5.2(a)-(c) show the mean indoor concentrations of the 17 selected 
VOCs. Figure 5.2(a) shows the average concentrations of seven aromatic compounds 
in which benzene had the highest concentration compared to other aromatics followed 
by toluene and xylene. The variation in benzene, toluene and xylene indoor 
concentrations can be related to occupant activities such as smoking, painting, 
pesticides and adhesives usage as well as other activities. The recorded 
concentrations were high compared to other published data especially for benzene 
(Field et al., 1992 and Hines et al., 1991). This result was expected since the 
sampling residential areas were within 50 km diameter distance from huge petroleum 
industry and power plants. The indoor sources also accumulated with time due to 
poor venting systems in most of Kuwaiti houses. Trimethylbenzene and butylbenzene 
showed the lowest concentrations among the aromatic group. Figure 5.2(b) shows 
the average concentrations of the halogenated aromatics.
Furthermore, Figure 5.2(c) shows the concentrations of the halogenated 
aliphatics. Dichlorobenzene is present in the houses which use moth crystals. 
Generally, chloroform had the highest levels compared to others except for houses 
H40, H41 and H42. The concentration of chloroform was beyond the selected chart 
limit which was fixed at 5000 pg/m3 for the purpose of comparison. Dichloroethylene 
in Figure 5.2(c) gave the second highest levels which mainly came from cleaning 
products used indoors. Cleaning products were also a source of trichloroethane that 
can also be emitted from dry-cleaned clothing. The use of hot water in baths, showers 
and washing clothes was related to high levels of chloroform (Andelman, 1985). 
Potable water in Kuwait contains a considerable amount of total organic carbon 
(TOC) especially when related to high consumption levels per day. Pertinent details 
of analyzing TOC in potable water in Kuwait are described in Appendix A-6.
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The straight line relation described in Equation (5.4) has a slope that is related 
to the removal rate term (KA/V) and an intercept which defines the source term (S). 
Equation (5.4) which relates the average indoor and outdoor concentrations also 
shows the dependency of the removal and generation terms on room volume and air 
exchange rate. Figure 5.3 shows this linear relation for a selected house (H45) and 
three compounds, one from each group in Table 5.1. Twelve sampling data points 
were collected from each house both indoors and outdoors in the same period. Some 
tubes had errors in base line analysis so they were excluded from the data analysis. 
This clarifies the variation in the number of data points in Figure 5.3. The variation 
in outdoor concentrations in Figure 5.3 over a 24 hour period was expected since 
outdoor pollutants, emitted from traffic and transportation, increased during the rush 
hours. The variation in outdoor concentration was also related to the variation in the 
stability conditions and wind speed during day and night. Indoor concentrations 
varied also over the 24 hour period with respect to occupant activities such as 
smoking, or any other habits. Table 5.2 lists the removal rate (KA/V) and the 
generation rate (S) calculated from the plots of Figure 5.3 for three compounds 
representing the three groups classified above along with the volume and air exchange 
rate in the living rooms under study.
The air exchange rate (N) listed in Table 5.2 ranged from 0.15 to 2.36 hr*1. 
The air exchange rate was measured in some houses using the SF6 tracer technique. 
In the rest of the houses, the air exchange rate was predicted using the same procedure 
as discussed in Chapter 4. The lowest exchange rate was obtained for building 
leakage conditions only. The exchange rate for both building leakage and air 
conditioning gave moderate N values. The highest exchange rate was found for the 
cases of infiltration and open doors and/or windows. Further examination of the N 
values showed that 70% of the houses (14 houses out of 20) had exchange rates less 
than 1.0 hr*1 as shown in Table 5.2. In addition a total of 7 houses (i.e. 35%) of the 
total number had N values below 0.5 hr*1. This can be related to the fact that the 
majority of Kuwaiti houses are air-conditioned and are efficiently sealed. Thus, 
indoor temperature and humidity can be assumed constant and the effect of wind 
speed variation on air exchange rates is minimal.
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Figure 5.3 Indoor and outdoor concentrations (jig/ m3) for three 
selected compounds in one house (H45).







( h r 1)
KA/V








( h r 1)
s
(mg/hr)
H31 180 0.43 0.29 13.78 0.54 23.51 . . . . -- -
H32 100 0.46 0.12 1.80 0.16 14.85 0.08 7.14
H33 158 0.15 0.34 3.62 0.97 276.4 0.50 72.66
H34 150 0.20 0.77 17.47 0.65 34.06 0.33 29.5
H35 200 0.66 0.14 3.89 0.20 0.315 . . . --
H36 130 0.68 0.65 14.67 0.24 18.43 0.11 12.70
H37 270 2.36 0.42 17.84 1.13 78.6 . . .
H38 120 0.88 0.27 5.72 1.00 9.68 0.08 1.28
H39 165 1.50 1.77 2.50 1.63 93.84 1.10 10.42
H40 151 0.42 0.93 1.71 1.00 96.3 0.11 2.43
H41 90 0.45 0.91 0.602 1.09 17.09 1.53 12.63
H42 250 2.22 1.02 35.25 1.06 183.2 0.80 4.70
H43 87 0.70 0.74 8.25 0.93 94.16 0.29 8.05
H44 94 0.98 2.16 29.29 1.36 24.11 1.00 9.32
H45 103 1.05 0.64 7.87 0.44 87.78 0.048 5.64
H46 90 0.95 1.20 12.95 1.00 80.45 0.70 4.00
H47 140 0.65 1.33 18.17 0.70 79.90 0.96 32.97
H48 70 1.56 0.63 4.19 0.99 12.50 0.60 7.37
H49 50 0.90 0.52 0.62 0.05 3.07 0.63 6.25
H50 50 0.31 1.15 4.45 1.42 23.17 0.40 7.33
— not present or insufficient data.
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Table 5.2 also indicates that if the source rate is high, then this does not 
necessarily mean that the concentration indoor is high. The adsorption rates and the 
air exchange rates both have a significant effect on the net indoor concentration as 
well as the intensity of the source. In other words, high adsorption or removal rates 
and high air exchange rates can dilute source or generation terms. For example, 
house (H42) had a high source for benzene, a moderate removal rate and a high air 
exchange rate. The net result was a relatively low indoor concentration as can be seen 
from Figure 5.2(a). Similarly, house (H37) had a high source for benzene and a high 
air exchange rate, but the benzene concentration was low as shown in Figure 5.2(a). 
The high indoor benzene concentrations in houses (H40) and (H41) in Figure 5.2(a) 
can be ascribed to low air exchange rates (0.42 and 0.45 hr'1, respectively). In 
addition, the low indoor dichloroethylene concentration in house (H50) shown in 
Figure 5.2(c), can be ascribed to a high removal rate (1.42 hr'1) compared with other 
houses. The variation in the removal rate was significant as indicated in Table 5.2. 
It basically depended on the surface area to volume ratio (A/V) of each furniture item 
in the room that may act as a sink.
Since indoor versus outdoor concentration was used to determine the source 
and removal rates, it is important to demonstrate the indoor/outdoor concentration 
ratio. Figure 5.4 shows this ratio for the three selected VOCs (benzene, 
dichloroethylene and chlorotoluene). It can be seen from the figure that for benzene 
the ratio was always close to 1.0 while for dichloroethylene and chlorotoluene the 
ratio reaches 1.7 and greater than 2.0, respectively. A higher ratio means that the 
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Figure 5.4 Indoor/Outdoor concentration ratio for three selected VOCs at 20 houses.
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The sorption rate constant (K) depends mainly on the sink or adsorbent 
materials (for example textiles have higher K-values than glass or steel). Since living 
rooms, generally, had approximately the same adsorbent materials in the houses 
studied, then the only relevant factor was the A/V. In order to calculate A/V for each 
furniture item in the living rooms for the twenty houses, the rooms were divided into 
three categories: heavy, medium and low in terms of furniture loading. The calculated 
A/V ratio for all items in a room heavily loaded with furniture was 3.16 m’1, which 
was 2.5 times the empty room ratio. The medium furniture loaded room had an A/V 
ratio o f approximately 2 times the empty room A/V ratio whilst the low loading was 
around 1.2 times the empty room value.
Figure 5.5 shows the calculated KA/V values for empty and loaded rooms. 
Figure 5.5(a) shows the variation of KA/V versus A/V for empty rooms where A  
was only the surface area of the room (i.e. walls, floor and ceiling). The three figures 
shown indicate that there was no significant relationship between KA/V and A/V 
ratio. However, when the data were plotted for loaded rooms, as shown in Figure 
5.5(b), a significant linear relationship between KA/V and A/V is obtained. In Figure 
5.5(b) the surface area A was calculated for the room surfaces as well as the area 
contributed by the furniture items. In this case KA/V varied linearly with A/V and 
from the slope of the straight line the K-values were obtained. Table 5.3 lists the 
estimated removal rate constant (K-values) for the 17 predominant VOCs and the R2 
as a measure of the linearity.
This analysis of the results indicates that the sorption rate constant (K) 
significantly depends on the VOC structure. The aromatics group had an average K- 
value of 0.72 m/hr with the lowest value being for benzene (0.5 m/hr) as shown in 
Table 5.3. This means that alkyl groups increase the surface sorption when attached 
to a benzene ring. These results are consistent with the stability of the benzene ring 
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Figure 5.5 Removal rate term (KA/V) and surface area to volume ratio (A/V) 
(a) empty rooms, (b) furniture loaded rooms.
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Table 5.3 Surface sorption rate constant K (m/hr) for the predominant VOCs in
Kuwaiti houses.


















Dichloroethylene* CH2=CC12 0.48 0.31
Trichloroethane CH3-CC13 0.96 0.62
Group 2 Dichloropropane CH3-CH2-CC12 0.42 0.82
HALOGENATED Dibromomethane H2-CBr2 0.48 0.74
ALIPHATICS Chloroform H-CC13 0.87 0.88
T etrachloroethane C1-CH2-CC13 0.91 0.63
T etrachloroethylene C12C=CC12 0.45 0.68
Group 3 Chlorotoluene* 0.29 0.57
HALOGENATED Dichlorobenzene





* Compound selected to represent the group
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Secondly, the halogenated aliphatics group having three and four chlorine 
atoms, as in the case of trichloroethane, chloroform and tetrachloroethane, had an 
average K-value of 0.91 m/hr. Halogens introduce polar charges to VOCs and hence 
increase the surface adsorption of these compounds. The double bond seems to lower 
the sorption rate even for the four chlorine atom compounds such as 
tetrachloroethylene and dichloroethylene which had an average K-value of 0.46 m/hr. 
Thirdly, the halogenated aromatics had the lowest K-values, which means that the 
sorption rate for an aromatic decreases when attached to a halogen. This can be 
shown by comparison of toluene (K=0.73 m/hr) with chlorotoluene (K=0.29 m/hr). 
This conclusion matches the halogen compounds properties. Organic halogen 
compounds are hydrocarbons in which one or more hydrogens are replaced by a 
halogen. These compounds can be classified into groups that show similar chemical 
properties. Halogen substitution increases the molecular weight, boiling point and 
stability of the hydrocarbon. Since the atomic weight of halogens increases 
according to the order F<Cl<Br, stability increases in the same order. Chlorinated 
hydrocarbons are good solvents for fats, oils and greases and consequently are heavily 
used in the dry cleaning industry. They are relatively nonflammable, have no 
structural effect on fabrics and because of their volatility are easily removed (Baily 
and Baily, 1989). Therefore, major sources of these compounds indoors are 
household products and cleaning solvents.
The resulting surface sorption rate constants in this work can be compared 
with those for some VOCs studied in the literature. Zhishi (1992) listed sorption rate 
constants from a wallboard in the range of 0.64 m/hr to 1.23 m/hr for ethylbenzene 
(aromatic). The variation in the rate constant was related to a variation in fan velocity 
during conducting the experiment in a chamber. Sparks et al. (1992) stated in their 
study that the adsorption rate constant for most VOCs ranged from 0.1 to 0.5 m/hr 
based on modeling predictions. In addition, Chang and Zhishi (1992) estimated 
adsorption rate constants for liquid wax on surfaces in a test house to be in a range of 
0.121 m/hr to 0.252 m/hr. The values obtained for this study of Kuwaiti houses are 
therefore consistent with those found in other experimental studies.
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5.5 Conclusion
The removal rate of indoor pollutants by surface sorption is an important 
phenomenon for both controlling and modeling indoor air quality. The estimation of 
such a rate inside real houses is a complex task due to the variation in the occupants’ 
activities and furniture loadings. This work discusses the analysis of the sorption rate 
and source emission rate of 17 predominant volatile organic compounds (VOCs) 
identified in 20 Kuwaiti houses. Important factors, such as outdoor concentration, 
room volume and ventilation rate and their interaction with indoor concentration have 
been considered in this study. Virtually all indoor models use the surface area of 
walls in a room or a confined space as the key determinant for sorption rate. 
However, this study shows that the surface area and composition of the room contents 
are more relevant. The predominant VOCs have been classified into three groups: 
aromatics, halogenated aromatics and halogenated aliphatics. The study has shown 
that the removal rates of aliphatic and aromatic VOCs are increased significantly 
when they are attached to halogens and alkyl groups, respectively. On the other hand, 
the removal rate is lowered when unsaturated alkyl groups or phenyl groups are 
attached to a halogen.
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EXPERIMENTAL DETERMINATION OF 
SORPTION PARAMETERS
6.1 Introduction
Recent concern about indoor air quality (IAQ) is mainly related to the increase 
in the cost of energy consumption of heating and cooling systems and to the total 
exposure of humans to a variety of indoor pollutants. Evaluation of indoor air 
pollution problems requires an understanding of three factors. These factors are: (1) 
the sources of the indoor pollutants or their emission characteristics, (2) the 
interaction of these pollutants with surfaces within the building, and (3) the air 
exchange between the building and the outdoors.
The identification of the potential source is a major factor in indoor modelling. 
Unfortunately, in the case of volatile organic compounds (VOCs), an observed 
substance concentration cannot easily be assigned to one particular source. It can be 
related to a large number of VOC emitting sources in the confined spaces due to the 
fact that the same organic pollutant can be emitted by several sources. In addition, the 
great variability in the emission characteristics of sources and their strengths makes 
the evaluation of indoor VOC sources a difficult task. The interaction of a pollutant 
with surfaces is another major factor affecting indoor air modelling. Surfaces and 
materials which may adsorb pollutants from the indoor air act as sinks. The material 
collected by these surfaces may remain adsorbed or may be desorbed back into the 
room. Although the importance of surface interaction in determining indoor air 
quality is generally recognized, there have been few published works in this area 
(Tichenor et al. (1991); Axley (1991); Sollinger et al. (1993) and Sollinger et al. 
(1994)). The third factor which has a significant effect on indoor air pollutant
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concentrations is the air exchange rate. In this factor two types of parameter are 
significant: the airflow parameter, such as the number of air changes per hour and 
building parameters, such as the number of doors and windows, the type of HVAC 
(heating, ventilation, and air conditioning) system, and the size of the rooms (Austin 
et al., 1992).
The need for indoor source emission rates and surface sorption/desorption 
rates in the assessment of indoor air quality have been discussed in the review Chapter 
2 and in Chapter 5. In this chapter, the study utilizes a test chamber in order to 
measure adsorption and desorption rate constants for four selected types of VOC on 
and from different surfaces. These surfaces are the actual surface materials which 
were present in a test house. The previously determined parameters in the chamber are 
then incorporated in a model in order to predict the behaviour of test house VOC 
concentrations.
6.2 Measurements and Analysis
6.2.1 Test Chamber
To study the VOC concentration decay process under controlled conditions, a 
test chamber has been constructed. In most of the experiments reported in this chapter
the temperature of the system was maintained at 25+0.5 C . The test chamber, 
having dimensions 50.3 x 45.0 x 14.8 cm, was constructed from glass sheets of 6 mm 
thickness. The chamber has a surface area of 0.735 m2, a volume of 0.0335 m3 and a 
surface area to volume ratio of 21.9 m’1. The chamber dimensions are proportional to 
the room dimensions in the test house (described later in Section 6.2.2). Figure 6.1 
shows a schematic diagram of the test chamber.
The chamber top sheet has three openings each of 6 mm diameter. The 
central opening is for VOC injection, and the other two openings are for inlet and 
outlet air flow. In each run the chamber is purged with clean air for several hours 
before allowing the samples into the chamber. Clean air with virtually no organics is 
pumped from a zero air generator (Domnick Hunter ANG 600/2 Figure 6.2) through
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the chamber at a constant flow rate. The air flow rate is measured by a Monostat flow 
meter size 4 with a spherical black glass float.
F l o w m e t e r






J Sour c e
Sink
GC
A n a l y z e r
Clean
Air
Ge n e r a t e r
Figure 6.1 Schematic representation of the test chamber experimental apparatus.
Figure 6.2 The Zero-Air “generator”.
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In order to determine the air flow pattern or the type of air mixing inside the 
chamber, a tracer gas method is used. A known amount of SF6 (sulphur hexafluoride) 
tracer gas is injected into the chamber while the clean air is flowing. The air samples 
are then collected at fixed time intervals. The samples are then analyzed using a 
UNICAM 4600 gas chromatograph fitted with a 1.5 m long and 4 mm diameter 
Porapak column and thermal conductivity detector.
The VOC decay characteristics in the test chamber have to be ascertained first, 
so that the results can be interpreted properly when investigating the effects of various 
test surfaces to be placed inside the chamber. A set of experiments are first carried 
out where the test chamber contained no furnishing material. A known amount of the 
selected VOC is injected to the chamber onto a 6.5 cm diameter Petri dish. Clean air 
is then pumped through the inlet air opening at a measured constant flow rate. Air 
samples are collected from the outlet air opening by an air tight gas syringe and 
injected into a gas chromatograph. Samples are collected at constant time intervals.
The evaporation rate for one VOC from the selected VOCs groups is measured 
in the test chamber under three modes of injection (source experiment):
• single injection at time = 0 (decay source),
• injection every two hours (On/Off source),
• constant flow rate to the chamber (constant source).
Except for the first mode of injection which is used for two source surface areas 
(0.003318 m2 and 0.01767 m2) and four air flow rates in the range of (0.4-2.5 //min), 
the other two modes of injection are tested under two air flow conditions.
In the next set of experiments the floor of the chamber is covered with one of 
the four different types of textile materials that are actually present in the living room 
of the test house. These were two polyacrylonitrile backed polyamide carpets of 
different thickness, one cotton sofa textile and one polyester curtain textile. The 
chamber is then closed after introducing the previously tested decay source and the 
clean air is allowed to flow at a constant rate. Air samples are collected as a function 
of time by a gas syringe.
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All the collected air/VOC samples are immediately analyzed using the 
UNICAM 4600 gas chromatograph system with the Porapak 80-100 column and 
thermal conductivity detector (TCD). The analysis temperature programme depends 
on the selected VOC boiling point. A previously prepared calibration curve for a 
particular VOC is used to convert area responses to concentrations in mg/m3.
6.2.2 Test House
The test house is a furnished, two-story villa type building with a central air 
conditioning system. Figure 6.3 shows the floor plan of the test house. During the 
VOC application period and sampling the occupants’ activities were reduced to a 
minimum and the house was completely unoccupied during the first 24 hours of the 
sampling period. The house is occupied regularly with three non-smoking adult 
persons. The volume of the first floor of the house is estimated to be 626 m3. The 
total interior apparent surface area that could act as a sink in the living room is 
estimated to be 135+5 m excluding the surface area of the walls.
The selected VOC was injected into a 15 cm diameter dish. The dish is placed 
in the centre of the living room 100 cm above the floor. Air samples are taken from 
the comer, under the air conditioning exhaust ducts, 150 cm above the floor. Outdoor 
air sampling is also performed during the same period as indoor sampling. Samples 
are collected by the sequential tube sampler (Perkin Elmer STS25). This sampling 
unit utilizes a constant suction rate pump, previously calibrated in the laboratory. The 
air samples are collected on tenax sorbent stainless steel tubes (Perkin Elmer). The 
tubes are filled with 600 mg adsorbent tenax-TA. The sampling tubes are conditioned 
prior to the experiment to ensure the absence of any VOC. Upon sample collection 
the tubes are analyzed by using the thermal desorption chromatography technique. 
The analytical system is formed of a Perkin Elmer automatic thermal desorber (ATD 
400) and a gas chromatography unit (PE 8700).
The air exchange rate is also measured for the test house. The volume of SF6 
which is released throughout the entire house is adjusted depending on the indoor 
volume. It is then allowed to mix with the indoor air for about 30 minutes. Then a
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series of air samples are collected intermittently over time at the sampling site which 
is the living room. A sequential air sampler with tedlar bags (model 1063) is used for 
the automatic collection of air samples into six one-litre bags. The contents of the 














H  source location 
O  sampling location
Figure 6.3 Test house floor plan.
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6.3 Model Formulation
Compared with the outdoor environment, indoor environments have much 
larger surface to volume ratios, and hence the interaction of airborne contaminants 
with surfaces is an important factor in indoor modelling. A simple, single chamber 
mass balance model, adapted from Tichenor et al. (1990a) and Ligocki et al. (1992), is 
used as the framework for the development of the sorption model. The governing 
equations for indoor concentration (Q) and sorbed weight per unit surface area (Cs) 
are:
j n .
—  =  N  C o ( t )  -  N  C i ( t )  -  R a ( t )  +  R a ( t )  +  R s ( t )  A:
d t
source / V  (6.1)
d C s
^ 1 =  k a C i ( t )  — k d C s ( t )
d t
(6.2)
R a ( t )  =  k a  (A sink  /  V )  C i ( t ) (6.3)
Rd(t) = kd (Asink / V) Cs(t) (6.4)
where
• Q  is the indoor concentration, mg/m3,
• Cs is the sorbed weight per unit surface area, mg/m3,
• Co(t) outdoor concentration, mg/m3,
• N is the actual air exchange rate, hr'1,
• t is the time, hr,
• Asink and ASOurce are surface areas of the sink and source respectively, m ,
• ka is adsorption rate constant, m/hr,
• kd is desorption rate constant, hr'1,
• V is the indoor volume, m3,
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• Ra(t) is the adsorption rate, mg/hr m3,
• Rd(t) is the desorption rate, mg/hr m3,
• Rs(t) is the source emission rate, mg/hr m2,
• at t = 0, Q  = initial bulk air concentration (zero in the test chamber)
• at t = 0, Cs = 0.0
This formulation assumes that heterogeneous reactions of gases with surfaces 
involve two steps in the macro-scale. The first step involves the physical transfer of 
gaseous material from the bulk air to the region of surface influences. The second 
step involves the detachment of gas molecules from the surface back to the bulk air. 
The above model assumes linear adsorption and desorption rates which are likely to 
be appropriate for the adsorption of ambient levels of volatile organic compounds 
(VOCs) on building materials (Axley and Lorenzetti, 1993).
In recent years, attention has turned to the possibility of using filtration 
devices to extend the mitigation strategies for indoor air quality (IAQ) problems. 
Such filtration devices often contain adsorbents such as activated carbon for which 
considerable information is already available. The sorption of inorganic pollutants 
has also been studied on various filters (Otomo et al. (1996), Kishkovich and Joffe 
(1996)). In the case of volatile organic compounds (VOCs) some data exist for 
adsorption on activated carbon and chemical filters. In contrast, no data has been 
found in the literature for VOC adsorption on typical indoor surfaces.
The adsorption capacity and the efficiency or effectiveness of desorption vary 
with the physical and chemical characteristics of the VOC. Langmuir, Polyani- 
Dubinin and BET adsorption isotherms can usually be used to predict and evaluate the 
adsorption capacities of VOCs on carbonaceous adsorbents (Chiang et al., 1992).
The performance of gas-phase contaminant sorption is influenced by a number 
of factors including residence time, adsorption capacity, surface area, temperature, 
humidity and contaminant concentration in air. For physical adsorption, there is no 
change in molecular state on adsorption. It follows that the contaminant molecule is 
held by intermolecular forces (e.g. van der Waals forces) with the adsorbent surface.
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Because no chemical reaction occurs, an adsorbed molecule can also desorb relatively 
easily and frequently. The driving force is the positive concentration difference 
between bulk air and the surface. At equilibrium, the adsorption and desorption rates 
are equal.
A number of mathematical models have been developed to describe 
equilibrium adsorption. For adsorption on a uniform surface at sufficiently low 
concentration, the equilibrium relationship between the fluid phase and the adsorbed 
phase concentrations will be linear. This linear relationship is commonly referred to 
as Henry’s law. Henry’s law is expressed in terms of concentration as follows 
(Ruthven, 1984):
where C s is the sorbate (VOC) weight per unit surface area of adsorbent, Q  is the 
sorbate concentration in the fluid phase, ke is the equilibrium adsorption/desorption 
constant.
Langmuir (1918) derived the simplest model for monolayer adsorption. The 
basic assumptions on which the model is based are:
• Molecules are adsorbed at a fixed number of well-defined localized sites.
• Each site can hold one adsorbate molecule.
• All sites are energetically equivalent.
• There is no interaction between molecules adsorbed on neighbouring sites. 
(Ruthven, 1984)
Considering the exchange o f molecules between the adsorbed and gaseous phases, the 
rates are given by:
(6.5)




R d =  k d L — —  (6 .7 )
/sm
where Ra and Rd are the adsorption and desorption rates (mg/m2 hr) respectively, ka is 
the adsorption rate constant (m/hr), k^L is the Langmuir desorption rate constant
•y
(mg/m hr) which is equal to adsorption rate constant kd multiplied by the maximum 
surface sobed weight per unit surface area (Csm), Q  is the fluid phase concentration 
(mg/m3), Cs is the sobed weight per unit surface area (mg/m2) and C sm is the
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maximum surface sorbed concentration (mg/m ).
Now suppose the rate of adsorption and the rate of desorption are both linear, 
then Equations (6.6) and (6.7) can be written as:
R a =  k a G  (6.8)
Cs




R a =  R<i (6.10)
k a C i= k d L  —
'Sm
(6 . 11)
The equilibrium relationship between Q  and Cs is therefore linear and equivalent to 
Henry’s Law, which was given previously as Equation (6.5).
C s =  ke Ci (6.5)
So, if the isotherm is linear as defined in Equation (6.5), then it is a condition that 
both the rate of adsorption and the rate of desorption are linear.
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If the isotherm is not linear at equilibrium, the rate of adsorption (as from 
Equation (6.6)) and the rate of desorption (as from Equation (6.7)) are still equal:
C s /  Csm ka
=  —  Ci (6.12)
1 — C s /  Csm k d L  
Equation (6.12) may be rearranged to the commonly quoted Langmuir form:
C s ( k a / k d L )  C i
/sm 1 +  (ka/kdL) C i (6 1 3 )
Equation (6.13) approaches Henry’s law at low sorbate concentration Q. A 
commonly suggested procedure for testing the fit of the Langmuir model to 
experimental data involves plotting Q/Cs against Q. Equation (6.13) may be 
rearranged to yield
C i 1 C i
C s  _  ( k a / lu .)  Csm +  Csm (<U4)
A plot of Q/Cs against Ci will lead to a straight line of slope equal to 1/Csm and an 
intercept of 1/ ( (ka/kdL) Csm).
Since almost all adsorbents are porous solids, a key parameter which 
characterizes adsorption capacity is the specific surface area. It is evident that if the 
physical adsorption capacity were limited to a close-packed monolayer, then the 
determination of the saturation limit from an experimental isotherm with a molecule 
of known size would provide a simple and straightforward method of estimating the 
specific area. Brunauer, Emmett and Teller (1938) developed a simple model 
isotherm (the BET Isotherm) to account for multilayer adsorption and used this model 
to extract the monolayer capacity and hence the specific surface area. Each molecule 
in the first adsorbed layer is considered to provide one site for the second and 
subsequent layers. The resulting equation for the BET equilibrium isotherm is,
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(Maxp/F.)
Csm ( 1 — P/Po ) (  1 — P/Po + (ka/kd) P/Po )
Here P 0 represents the saturation vapour pressure of the saturated liquid sorbate at the 
relevant temperature and P is the partial pressure related to bulk concentration Ci. In 
order to translate the monolayer coverage into a specific area, knowledge of the size 
of the sorbate molecule is required. Close packing of spherical molecules of diameter 
equal to the van der Waals diameter is generally assumed. Measurements are 
commonly made using nitrogen as the sorbate at liquid nitrogen temperatures. The 
sorbed and maximum sorbed weights (Cs) and (Csm), respectively, are related to 
measurements of adsorbed volume of nitrogen at various initial pressures (P) 
(Ruthven, 1984).
In addition to definitions of the rates of adsorption and desorption, the 
emission rate has to be defined also. Zhishi (1992) describes three types of emission 
rates Rs(t) to represent the evaporation rates of most VOCs from material surfaces.
Rs(t) = R°exp(-k,t) first order (6.16)
— «— ;— second order (6.17)
1 + ks t Ro
Rs ( t)  — R i exp ( —ki t) +  R2 exp ( - k 2 t )  double exponential (6.18)
where ks, ki and k2 are decay rate constants, and Ro, Ri and R2 are initial emission 
rates.
The above three types of emission rate are empirical correlations. From mass 
transfer fundamentals, if compound (A) is diffusing into air (B) and air does not 
diffuse back into it, then a mass transfer model can be derived for the diffusion of (A) 
into stagnant (B). The emission rates in this derivation will be based on the VOC 
diffusion coefficient and the concentration gradient (Anthony and Maddox, 1985). In
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this work the empirical correlation will be used. However, the mass transfer 
coefficient will be considered in future work.
6.4 Methodology
The calculation procedure begins with source emission rate measurements. 
Upon applying Equation (6.1) to the test chamber for the decay source and no sink
Here k is the mixing factor, Q is the air flow rate and V is the chamber volume.
Then Rs(t) is fitted to one of the empirical models defined in Equations (6.16)
approximated Rs(t) from Equation (6.20) starts the iterations to optimize the solution 
based on statistical parameters by comparing measured concentrations with predicted 
ones.
The second step is to calculate the adsorption and desorption rate constants ka 
and kd, respectively. Equations (6.1) and (6.2) are solved simultaneously using the 
previously calculated Rs (t), to determine k<i and ka for the four furnishing materials
terms, the equation is rewritten for a small time interval and clean air flowing to the 
chamber (i.e. Co(t) = 0), as follows
^  = - N  Ci (t) + R.(t) A™JV (6.19)
The above equation can be rearranged as follows:
R *(t) =




to (6.18). The selected model is used in solving Equation (6.1) numerically. The
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by making a regression analysis of the respective measured concentration versus time 
data. Finally, the resulting emission rate data, ka and kd from the test chamber 
experiment are used to predict the test house concentrations with time.
For the test house model when all the tested textiles are considered in the 
adsorption and desorption rates, Equations (6.3) and (6.4) are replaced by the 
following two equations, respectively (Here linear rates are considered for simplicity. 
Verifiication of the linearity assumption is dissussed in detail in the next chapter, 
Chapter 7).
R *(t) =
f  4 
V i=l
/ V Ci ( t ) (6.22)
7 4 'I
R d ( t )  = kdi Asinki / V
M=1 )
C s  (t) (6.23)
Here 4 is the number of tested sink materials described earlier. The actual calculated 
sink surface areas are fed to the program along with the corresponding ka and k<j 
values obtained from the chamber experiment. To be used in Equation (6.2) the 
average ka and kd are calculated as follows:
k a  =
kd =
r 4 \  4
^ |k a i  Asinki / 2 >  sinki 
M=1 /  i= l
'  4 \  4
kdi Asinki /  Z A  sinki 
m = 1 /  i= l
(6.24)
(6.25)
The comparison between measured and predicted test house data facilitates 
model validation. Checking the agreement between model prediction and observation 
is based on statistical tools such as the Normalized Mean Square Error (NMSE) and 
Fractional Bias (FB) methods which are optimized to fit the model parameters.
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In the case of model validation and parameter estimation, it is recommended 
to test a known pure VOC over a specified time range. This time range assures 
disappearance of that compound in the bulk air surrounding both source and sink 
materials. Using an actual source which emits different types of VOC at any time in a 
test chamber would result in uncertain emission rates. For example, the tested 
emission rate from a piece of duct liner studied by Zhishi (1992) followed the first 
order model up to 10 hours (Equation 6.16). The model prediction then failed after 10 
hours and the double exponential model (Equation 6.18) seemed to be more suitable 
to the wider data range. The source material, a piece of duct liner, continued emitting 
VOCs up to 400 hours.
In Chapter 5, the detected indoor VOCs were classified into three main groups 
depending on physical and chemical properties. These groups were aromatics, 
halogenated aliphatics and halogenated aromatics. In addition, from the adsorption 
rate constant results it was clear that adsorption basically depended on the VOC 
structure and the group type. In order to investigate VOC emission rates under 
controlled conditions in the chamber, one compound has to be tested from each of 
these three groups. The selection o f a pure liquid VOC from each group of the 
detected indoor VOCs, is based on three criteria: toxicity, flammability and volatility. 
For example, in the aromatic group, toluene is 15 ° C higher than benzene in terms of 
flash point and benzene is classified as a carcinogen. This means that toluene has a 
lower flammability range than benzene. In addition, for higher molecular weight 
aromatics, when flammability decreases volatility also decreases. The chamber and 
test house experiments need medium volatility compounds with low flammability and 
no toxicity if possible. Therefore, toluene was selected to represent aromatics,
1,1,1-trichloroethane to represent haloaliphatics, and 1,2-dichlorobenzene to represent 
haloaromatics. In addition, methylsalicylate was used to represent a highly adsorbent 
material on textiles. Appendix A-3 lists most of the detected VOC properties 
including toxicity and carcinogenic effects.
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6.5 R esults an d  D iscussion
6.5.1 Test Chamber
6.5.1.1 Test Chamber Without Furnishing
From the tracer gas SF6 decay experiment in the test chamber the 
concentration versus time data are plotted as shown in Figure 6.4 in order to estimate 
the air exchange rate. The slope of each line is simply the measured air exchange rate 
(N). At each flow, the run is repeated for different initial SF6 concentrations to check 
repeatability and sensitivity of the experiment. Table 6.1 lists the measured and 
calculated air exchange rates for the five tracer runs in addition to the calculated 
mixing factor. The mixing factor varies in the range of 0.64 to 0.765 with an average 
value of 0.7+0.02. The estimated standard deviation of the measured air exchange 
rate is 0.097 hr'1 and 0.0084 hr'1 for the air flow rates of 1.5 //min and 0.75 //min, 
respectively. The data show that the mixing factor does not depend on the value of air 
flow.
+  Run 1 Q = 1.5 1/mm ■ Run 2 Q = 1.5 1/min ±  Run 3 Q = 1.5 1/min j 
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Figure 6.4 Tracer decay data for the test chamber.
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1.5 2.056 2.687 0.765
1.5 1.904 2.687 0.709
1.5 1.720 2.687 0.640
0.75 0.925 1.343 0.689
0.75 0.941 1.343 0.701
In performing the decay source experiments, four air flow rates are selected in 
order to simulate the range of air exchange rates in most houses. The emission or 
evaporation rate, Rs(t), is calculated from Equation (6.20) and then plotted on a 
logarithmic scale against time for the four air flow rates as shown in Figure 6.5. The 
straight line relation indicates that the decay source can be represented by a first order 
exponential expression similar to that shown in Equation (6.16). Table 6.2 lists the 
initial emission rates, Ro, and the decay rate constants, ks , for every air flow rate 
along with the actual air exchange rate, N, using the average mixing factor.
The calculated Ro and ks values are rough estimates for the decay source. 
These values are used as initial inputs while running the model using the Mathematica 
Package to solve the two differential equations (Equations 6.1 and 6.2) numerically. 
The numerical solution is based on Runge-Kutta 4 order method. The estimated 
concentrations resulted from the numerical solution are compared with measured 
concentrations based on residuals calculation. The calculation routine is repeated if 
the NMSE or FB are greater than 0.01. When the target is reached the calculation 
procedure is terminated resulted with correct estimates of Ro and ks that satisfies the 
comparison between measured and predicted concentrations. The comparison 
between measured toluene concentration in air and the estimated values based on 
solution of Equation (6.1) is shown in Figure 6.6. The sorbed concentration Cs is set 
to zero since there is no sink for these runs. The optimum values of ks and Ro are also 
listed in Table 6.2 with an average value for FB and NMSE equal to 0.007 and 0.005, 
respectively. As the air flow rate decreases from 2.5 //min to 0.4 //min, the 
concentration of toluene in air increases from 2.5 to 65 mg/m3 at the maxima. This is 
due to fact that the higher air flow rate flushes the atmosphere more quickly in the 
chamber.
124
The source surface area is increased from 0.003318 to 0.01767 m2 by 
changing the dish diameter. The same emission rate procedure is performed for two 
air flow rates. A plot of concentration and model estimation, based on Ro and ks 
values is shown in Figure 6.7. The same observation in Figure 6.6, of higher 
concentrations when the air flow rate is decreased, is also present here. In addition, 
when the source surface area increases the maximum concentration increases for both 
air flow rates above that for the small source surface area. This means that increasing 
the source surface area increases the amount o f toluene evaporated in the same time 
interval. As a conclusion, either changing the source surface area or the air flow rate 
varies the decay rate constant ks little in the range of 0.4 to 0.47 hr'1 with an average 
value o f 0.445± 0.0311 hr'1.
♦  F low  0 .9  1/min 
▲ F low  2.5 1/min
■ F low  1.6 1/min 









Figure 6.5 Linear relation representation o f ln(Rs(t)) versus time.
Table 6.2 The optimum parameters for the emission rate.
Air flow  
Q (//m in)
C alculated  
N  (hr'1)
approxim ation using  
Equation (6 .2 0 )
num erical solution  
using Equation (6 .1)
Ro




(m g/ n r  hr)
ks
(hr*1)
0.4 0.501 585 0 .262 800 0.43
0.9 1.128 610 0 .389 650 0.46
1.6 2 .006 396 0 .399 390 0.45
2.5 3 .134 114 0 .529 100 0.43
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x  F lo w  0.4 1/min ♦  F lo w  0.9 1/min
■  F lo w  1.6 1/min a  F lo w  2 .5  1/min
0  2  4  6  8
T im e, h r
Figure 6.6 Toluene concentration versus time for four air flow rates and 
small source surface area (solid lines are predicted values).
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Figure 6.7 Toluene concentration versus time for two air flow rates and 
large source surface area (solid lines are predicted values).
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The same procedure is used to estimate the emission rate, Rs(t), for the second 
mode of source in which the source is introduced with different initial values every 
two hours. For this puff-like source the pollutant concentration changes in a cyclic 
manner. A plot of observed and predicted concentrations versus time is shown in 
Figure 6.8. The average ks values used in these plots are 1.49 hr'1 and 2.2 hr'1 for air 
flow rates of 0.9 and 1.6 //min, respectively. The behaviour of the third mode of 
injection, which is the constant source, is shown in Figure 6.9. In this type of 
experiment, the injection rate is forced to be constant but this does not necessarily 
mean that the source emission rate is constant since the evaporation rate is different 
from the injection rate.
The comparisons between the measured VOC concentration in the test 
chamber air and the estimated value based on solution of Equation (6.1) for the source 
experiments are shown in Figure 6.10. In all the test chamber experiments, the 
outdoor concentration C0 is set to zero since clean air is pumped through the chamber. 
In source experiments, sink terms are not present and consequently the sorbed 
concentration Cs is set to zero. The optimum resulting values of ks and Ro are listed in 
Table 6.3 along with the chemical structure and boiling point for each VOC. The 
emission rate can be related directly to the VOC boiling point. In other words, a high 
volatility compound has a high emission rate. In the case of methylsalicylate, the 
decay rate is very slow since it has a high boiling point.
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T im e, hr
Figure 6.8 Toluene concentration versus time for the on/off source 
injection mode for two air flow rates (solid lines are predicted values).
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Flow  0 .9  1/min Flow 1 .6  l/min
Tim e, hr
Figure 6.9 Toluene concentration versus time for the constant source 
injection mode for two air flow rates (solid lines are predicted values).
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Time,  hr
Figure 6.10 VOC concentration, mg/m3, versus time for the four selected VOCs in 
the test chamber source experiment (solid lines are predicted values).
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Table 6.3 Experimentally determined model parameters for the tested VOCs.
Name
Structure
Boiling point 0 C
utial emission rate Ro 
( mg/m' hr)





































































6.5.1.2 Test Chamber With Textiles
Four types of textile material that are actually present in the living room in the 
test house are now studied using the test chamber. The calculated surface area to 
room volume ratio is calculated for each type of textile. This ratio is used to keep the 
same surface to volume ratio (loading factor) in the chamber. Preliminary 
experiments show undetectable variation between chamber bulk air concentration 
with and without the sink due to the small surface area of the sinks (e.g., 0.011 m for 
carpets). As a result the external surface area for all textile materials used is fixed in 
the chamber experiment at 0.226 m which covers the whole chamber bottom. After 
fixing the sink material on the chamber floor, a previously determined decay source of 
VOC is introduced from a small source surface area of 0.003318 m2, and a constant 
air flow rate of 0.9 //min. Before each run the textile material is flushed with clean air 
for 24 hours until zero VOC concentration is detected in the bulk air.
The second step involves using both source and sink. Figure 6.11 shows the 
bulk concentration of toluene versus time for two cases in the chamber. In the first 
case the chamber bottom is left uncovered (no-sink case), while in the second case the 
chamber bottom is covered with some of the furniture textile materials found in the 
test house (sink case). This plot can be classified into two stages, a build-up stage and 
a decay stage'. In the build-up stage the concentration of toluene for the sink case is 
lower than that of the no-sink case. This is interpreted as the ability of the textile 
material to adsorb some of the toluene in the bulk. On the other hand, in the decay 
stage the concentration of toluene for the sink case is higher due to the release of 
some of the toluene from the sink material.
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Figure 6.11 Measured toluene concentration versus time for the cases 
o f with and without adsorbent material (solid lines are only fittings).
Mathematica Software is used to numerically solve the two differential 
Equations (6.1) and (6.2) simultaneously using the previously determined Ro and ks 
values for each VOC. The boundary condition for each run is that the bulk and the 
sorbed concentrations are both zero at time equal zero. Plots o f the model prediction 
along with the measured concentrations are shown in Figure 6.12(a)-(d) for sinki and 
sink2 which are two polyacrylonitrile baked polyamide carpets o f different thickness, 
sink3 which is cotton sofa fibres and sink4 which is polyester curtain textile. It can be 
seen from these figures that the maximum detected concentration in the chamber 
varies for each VOC. This can be related to both VOC volatility and the adsorptivity 
of the sink materials. To clarify this, for 1,1,1-Trichioroethane (Figure 6.12(b)), the 
maximum concentration is around 150 mg/m3 while for 1,2-Dichlorobenzene (Figure 
6.12(c)) it is around 9 mg/m3. The variation can be viewed alongside variations in the 
emission rate constants, listed in Table 6.3, as 0.31 hr'1 for 1,2-Dichlorobenzene and 
0.8 hr'1 for 1,1,1-Trichloroethane which is 2.58 times higher. Adsorption and 
desorption rate constants are also listed in Table 6.3 for the tested VOCs and sinks. 
These constants can be related to the chemical structure. For haloaliphatics (e.g.
1,1,1-Trichloroethane) the probability o f attachment of molecules to surfaces is higher 
than for aromatics and haloaromatics. This conclusion was discussed in detail in
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C hapter 5 fo r different VO Cs. In the case o f  m ethylsalicylate w here adsorption and 
desorption rate  constants are very high, the decay rate is very  low  (F ig u re  6.12(d)).
A ll the above calculations w ere based  on  linear rates o f  adsorption and 
desorption (Equations (6.3) and (6.4)). T he linearity  assum ption w as verified  in an 
independent experim ent using therm ogravim etric analysis. The V O C sorbed w eights 
w ere m easured versus tim e until equilibrium  w as reached. B oth dynam ic and static 
parts o f  the  experim ent w ere analyzed fo r the appropriate isotherm  m odel. L inear and 
Langm uir rates w ere com pared. The correlation coefficients o f  the fits w ere used  as 
the criterion to  determ ine w hich isotherm  w as the m ost appropriate. A t 
concentrations less than 1000 m g/m  o f  V O C  in  a ir isotherm s and  sorption rates w ere 
found to  be linear and  can be applied to  estim ate the V O C s adsorption on various 
adsorbents usually  present in indoor furniture surfaces. Pertinent details o f  the 
experim ental m ethodology, sam ple calculation and  results are described in the next 
chapter.
A t the end  o f  the test cham ber experim ent, bo th  w ith  and w ithout textiles, 
adsorption and desorp tion  rate constants ka and  kd respectively  are available for the 
selected four tex tile  m aterials. A t equilibrium , there is a  rela tion  betw een ka and kd 
since the rate  o f  adsorp tion  equals the rate  o f  desorption. A  p lo t o f  ka against kd for 
the tested V O C s (except m ethylsalicylate due to  its h igher values com pared to others) 
and the four tex tile  m aterial is shown in F ig u re  6.13. It is apparent from  the p lot that 
the relation betw een ka and kd is linear and the  ratio  o f  kg/kd has a constant value 
equal to  1/6 independent o f  adsorbate (V O C ) or adsorbent (textile).
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Figure 6.12(a) Measured and predicted toluene concentration, mg/m3, 
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Figure 6.12(b) Measured and predicted 1,1,1-Trichloroethane concentration, mg/m3,
for four sink materials (solid lines are predicted values).
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Figure 6.12(c) Measured and predicted 1,2 -Dichlorobenzene concentration, mg/m3,
for four sink materials (solid lines are predicted values).
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Figure 6.12(d) Measured and predicted methylsalicylate concentration, mg/mJ,
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Figure 6.13 Linear relation between adsorption and desorption rate constants.
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6.5.2 Test House
The sam e tracer (SF6) as used  in the test cham ber is used  in the test house to 
m easure the air exchange rate. M easurem ents o f  a ir exchange rate are perform ed 
three tim es during sam ple collections o f  the in jected  V O C. A  know n volum e o f  SF6 
is in jected  into the house in the  first hour o f  the  first day. It is then allow ed to mix 
w ith  the indoor a ir for 30 m inutes, depending on  the air conditioning system  only (i.e. 
no  open w indow s o r doors are allow ed  in  the sam pling period). T hen  air sam ples are 
collected  from  the bu lk  air in  the  liv ing  room , every  5 m inutes for 120 m inutes. The 
second and th ird  SF6 releases are m ade after 24 hours. The SF6 concentrations are 
p lo tted  on logarithm ic scales fo r the  three day s’ m easurem ents in  F ig u re  6.14. The 
R  for the linear regressions are 0.95, 0.68, and  0.93 and  the m easured air exchange 
rates are 0.6078, 0.588 and  0.8952 h r '1 fo r d a y l,  day2 and  day3, respectively.
The accum ulated indoor to luene concentration is m easured in  the test house 
before  the injection. Sam ples are  co llected  every  hour for five hours to m easure the 
indoor initial concentration. B efore in jection, the indoor toluene concentration ranged 
from  0.055 to 0.111 m g/m  w ith  an  average value o f  0.0754 m g/m  . Toluene is then 
in troduced into a 15 cm  d iam eter d ish. Indoor a ir sam ples are then collected every 
hour for 60 hours and  outdoor a ir sam ples are collected every tw o hours. 
C oncentration m easurem ents are p lo tted  against tim e for both indoors and outdoors in 
F ig u re  6.15. The indoor to luene concentration  increases from  the initial value to 1.81 
m g/m 3 after one hour from  injection. It reaches a  m axim um  value after about 12 
hours from  injection. The outdoor concentration  rem ains in the range o f  0.05 to 0.3 
m g/m 3 w ith an average value o f  0 .15419 + 0.06857 m g/m 3. This average outdoor 
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The emission rate Rs(t) obtained from the test chamber decay source 
experiment is introduced to the model. The boundary conditions are set to be 0.0754 
mg/m3 for the zero time indoor concentration and zero for the zero time sorbed 
surface concentration. The emission rate is assumed to be decreased to zero after 20 
hours (i.e. Rs(20) = 0) since toluene evaporates completely from the dish at this time. 
Two model predictions in addition to the measured toluene concentration are plotted 
in F ig u re  6.16. Model 1 is the model developed in this work, and Model 2 is the 
model used by Dockery and Spengler (1981), Wadden (1983), Tichenor et al. 
(1990b), and Hayes (1991), which neglects the sorbed concentration on sink materials 
and consequently the desorption rate. F igu re  6.16 shows that Model 2 always 
underestimates the observed concentration due to the omission of the re-emission 
factor for sink materials. It also shows that Model 1, developed in this work, gives a 
better representation o f the observed data. F ig u re  6.17 shows the frequency 
distribution o f the residuals for the two models. The frequency distribution of 
residuals for both models show normality. However, the residuals distribution of 
Model 1 is symmetric around the zero value. The rest o f the tested VOCs in the test 
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Figure 6.16 Measured and predicted toluene concentration versus 
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Figure 6.18 Measured and predicted VOCs concentration versus time
in the test house.
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6.6 Conclusion
T he new  IA Q  m odel developed in  th is w ork  includes all param eters that affect 
po llu tan t levels. It narrow s the range o f  variation  betw een p red icted  and the observed 
concen trations in  the test house. In  addition, the use o f  predeterm ined  sorption and 
deso rp tion  ra te  constants for each sink m aterial p resen t in  the  test house reduces 
assum ptions m ade in  m odelling. T hese assum ptions m ay either overestim ate or 
underestim ate  the  actual levels.
146
REFERENCES
•  A nthony L.H ., and M addox R .N . (1985) “M ass Transfer: Fundam entals and 
A pplications.” Prentice-H all, IN C ., Englew ood Cliffs, N ew  Jersey.
•  A ustin  B .S ., G reenfield  S.M ., W eir B.R ., A nderson G .W ., and  B ehar J.V . (1992) 
“ M odeling the Indoor E nvironm ent.” Environm ental Science &  Technology, Vol. 
26, N o.5 , p .8 5 1-858.
•  A xley J.W ., and  Lorenzetti. (1993) “Sorption Transport M odels for Indoor A ir 
Q uality  A nalysis.” M odeling o f  Indoor A ir Q uality  and Exposure, A STM  STP 1205, 
N iren  L. N agda, Ed., A m erican Society for Testing and M aterials, Philadelphia, 
p .105-127.
•  A xley  J.W . (1991) “A dsorption M odeling for B uilding C ontam inant D ispersal 
A nalysis.”  Indoor A ir 1: p. 147-171.
•  B runauer S., Em m ett P.H . and T eller E. (1938) J. Am . Chem . Soc. 60, p. 309.
•  C hiang P .C ., Y ou J.H ., L in  T.F. and  C hang P. (1992) “E valuation o f  A dsorbents for 
V olatile  O rganic C hem icals.” In: Proceedings o f  the Fourth  International 
C onference on Fundam entals o f  A dsorption, K yoto, M ay 17-22, p. 89-96.
•  D ockery  D . W . and Spengler J. D. (1981) “Indoor-O utdoor R elationships o f  
R espirable Sulfates and  Particles.” Atm os. Environ., 15, p. 335-343.
• H ayes S. R. (1991) “U se o f  an Indoor A ir Q uality  M odel to  Estim ate Indoor O zone 
L evels.” J. o f  A ir W aste M anage. Assoc., 41, p . 161-170.
• K ishkovich O. and Joffe M . (1996) “Full-Scale C om parative Testing o f  Chem ical 
A ir F ilters.” Indoor A ir Conference, International 7th Japan, V ol 4, p. 157-162.
• Langm uir I. (1918) J. Chem . Soc. 40, p. 1361.
• L igocki M. P., W eir B. R., Looker R. E, G reenfield  S. M. (1992) “A Param etrized 
M odel for the Estim ation o f  Sorption and D eposition  o f  G ases, V apors and Particles 
in Indoor A ir Q uality M odels.” For Presentation at the 85th A nnual M eeting & 
Exhibition, K ansas C ity, M issouri, June 21-26, N o. 92-79.07.
• O tom o t., T okunaga K. and M izushim a Y. (1996) “E xperim ents on D irect C ontrol 
o f  Indoor A ir Q uality  U sing Chem ical A dsorption F ilter.” 5th International 
C onference on A ir D istribution in Room s, R O O M V EN T, July 17-19, p. 97-104.
147
•  R uthven M .D . (1984) “Principles o f  A dsorption and A dsorption Processes.” John 
W iley &  Sons Publisher, p. 43-54.
•  Sollinger S., Levsen K. and W onsch G. (1993) “Indoor A ir Pollution by O rganic 
E m issions from  Textile  Floor C overings. C lim ate Cham ber Studies U nder D ynam ic 
C onditions.” A tm ospheric Environm ent. Vol. 27B , No. 2, p. 183-192.
•  Sollinger S., Levsen K. and W onsch G. (1994) “Indoor A ir Pollution by O rganic 
Em issions from  Textile Floor C overings. C lim ate C ham ber Studies U nder Static 
C onditions.”  A tm ospheric Environm ent. Vol. 14, N o. 2, p . 2369-2378.
•  T ichenor B .A ., G uo Z., and D unn J.E . (1991) “The Interaction o f  V apor Phase 
O rganic C om pounds w ith  Indoor Sinks.” Indoor A ir 1: p.23-35.
•  T ichenor B .A ., G uo Z ., M ason M .A ., and D unn  J.E . (1990b) “Evaluation o f  Indoor 
A ir Pollu tan t Sinks for V apour Phase O rganic Com pounds.” In  Indoor A ir’90, Vol. 
3, p. 623-628.
•  T ichenor B .A ., Sparks L.E., W hite J.B ., and  Jackson M .D . (1990a) “Evaluating 
Sources o f  Indoor A ir Pollution.” J. A ir W aste M anage. A sso c .,, 40: p .487-492
•  W adden R .A . (1985) “Indoor A ir Q uality  Em issions.” Carcing. M utagens. Environ., 
Vol. 4, p. 167-175.
•  Z hishi G . (1992) “V alidation o f  Sources and  Sink M odels Problem s and Possible 
Solutions.” R eport No. EPA /600/A -92/209. U . S. Environm ental Protection A gency 




ADSORPTION ISOTHERM FOR VOCS ON 
SELECTED FIBRES
7.1 Introduction
A ir pollu tants are  know n to  be physically  adsorbed and desorbed from  
bu ild ing  m aterials, furn ish ings and  o ther indoor contents. Experim ental studies in this 
w ork  (as described  in  C hap ter 6) indicate that the im pact o f  sorption transport m ay be 
im portan t in  evaluating  indoor a ir quality . To predict the quality  o f  a ir in  buildings, 
an accurate descrip tion  o f  adsorp tion  and  desorption rates o f  a ir pollu tants to  and  from  
indoor surfaces m ust be  available. T herefore, the  objective o f  th is investigation is to 
confirm  experim entally  w hich  type o f  adsorp tion  isotherm  is appropriate for certain  
V O C s on  indoor typ ical surfaces. L inear rates w ere assum ed in  the predictive w ork 
described  in  C hapter 6. It is the  purpose o f  th is chapter to  confirm  that the use o f 
linear re la tionships is appropriate
7.2 Measurements and Analysis
T w o V O C s, w hich  w ere  used  previously  in the test cham ber and the test 
house, w ere selected  fo r the adsorp tion  isotherm  experim ents. A lso tw o fibre types 
w ere used  as adsorbents. O ne o f  these fibres w as a piece o f  polyacrylonitrile carpet 
fibres. The other fib re  w as a  p iece o f  cotton usually  used in sofa coverage textiles. 
The desired  concentration  o f  the  organic vapour in  air w as prepared in  the laboratory. 
A  know n am ount o f  the V O C  w as therefore in jected  through a septum  into a one-litre 
ted lar air bag. F ig u re  7.1 show s the valve attached to the ted lar air bag. In the case 
o f  h igher V O C concentrations, 10 litre tedlar bags were used to ensure that the 
in jected  organic liqu id  vaporized  com pletely  inside the bag. A  5 ml V O C /air sam ple
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was then taken from  the p repared  ted lar bag and  in jected  into a  gas chrom atograph 
(G C) to assure the concentration. A  G C M odel C hrom pack CP9001, equipped w ith  a 
colum n 2 m  long and 4 m m  diam eter packed w ith Porapack Q o f  100-120 m esh, was 
used.
A  one-litre V O C /air m ix ture w as in jected  m anually  (by pressing the air in  the 
bag) into a  Therm ogravim etric A nalyzer TG A -51. B efore injection, a  know n w eight 
o f  fibres w as p laced in  the  balance pan. In the T G A -system  the low  m ass balance 
m echanism , constructed  o f  light w eight com ponents w as designed to  w ithstand 
vibrations and to provide h igh  sensitiv ity  and low  noise w ith precise m easurem ents to 
1 m icrogram . O nce the V O C /air m ix ture had  been  in jected  the in let and outlet valves 
w ere closed. Since the in jected  V O C /air m ixture w as around 14 tim es the balance 
cham ber volum e (in  the case o f  the  one litre bag), it can  be assum ed that the initial air 
in the cham ber w as com pletely  flushed  out. The tem perature in the TG A  apparatus
o
w as kept constant at 25 ±  0.15 C  . T he fibre w eight and tem perature w ere m easured 
as a  function o f  tim e.
The specific surface areas o f  the tested  fibres w ere also m easured using 
nitrogen as the adsorbate. T he adsorp tion  experim ents w ere conducted using a 
M icrom eritics, M odel A SA P 2010 A dsorp tion  A nalyzer. Sections o f  the textile
o
sam ple w ere degassed at 50 C fo r 18 hours. M easurem ents o f  nitrogen gas 
adsorption over the fibres w ere carried  out at liquid  n itrogen tem perature (77K). The 
relative pressure w as varied  and consequently  the adsorbed volum e o f  nitrogen was 






Figure 7.1 2-N -l Valve attached to the tedlar air bag.
7.3 Results and Discussion
In Chapter 6, four different adsorbent materials were selected from a room in a 
test house along with four adsorbate VOCs, i.e. toluene, 1,2-Dichlorobenzene, 1,1,1- 
Trichloroethane and methylsalicylate, in order to identify- adsorption/desorption rates 
for VOCs on indoor furniture surfaces. In this verification study, toluene and 1,2- 
Dichlorobenzene were selected in order to find the appropriate isotherm model for 
typical indoor surfaces.
The first step in this investigation was to identify the specific surface area for 
the adsorbents. They were all fibres of polyacrylonitrile, polyamide, nylon and 
cotton. The N2/BET method yielded small specific surface areas compared with 
commercial adsorbents such as activated carbon. The average specific surface areas 
o f the tested fibres were 0.9433+0.1374 m2/g with maximum value o f 1.4167 m2/g 
for carpet fibres. Figure 7.2 shows typical BET surface area plots using nitrogen as 
the adsorbate. The correlation coefficient is 0.9875. From the slope, the monolayer 
volume can be calculated and by knowing the nitrogen molecule cross section (0.162 
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Figure 7.2 Typical plots for BET surface area for 
(a) carpet fibres (b) sofa fibres.

















The second step  w as to  prepare the V O C /air m ixture o f  the required  
concentration . Since th is concentration  is very  critical in the isotherm  experim ents, 
tw o  gas chrom atography (G C ) analyses w ere perform ed before  using the V O C/air 
m ix tu re . T he average dev iation  betw een the tw o runs on  the G C w as calculated to  be 
2 .4% . T he V O C /air m ix tures w ere prepared in low  concentrations to  sim ulate the 
cham ber and  test house concentrations as discussed earlier in  C hapter 6. The V O C/air 
m ix tu res w ere p repared  in  concentration  ranges from  10 ppm  to  500 ppm .
T he th ird  step w as to  conduct the isotherm  experim ent. T he fibre w eight used 
in  these experim ents ranged  from  100 to  150 mg. A fter stabilizing the balance in the 
T G A -system , the V O C /air m ix tu re  w as injected into the balance cham ber o f  73.63 
cm 3 volum e. T hen  the in let and  outlet valves w ere closed. T he experim ental run 
con tinued  for 120 m inutes. T ypical p lo ts o f  w eight against tim e are show n in  F ig u re  
7.3 for 1,2-D ichlorobenzene on  one o f  the selected fibres (i.e. carpet fibres). The
o
tem pera tu re  w as he ld  constan t a t 25+0.15 C . E quilibrium  w as reached  in  m ost o f  the 
experim ents w ith in  70 m inutes. T he increase in  w eight, w hich is the adsorbed weight, 
w as then  calculated  b y  m ass balance. The final V O C  concentration  (Ci) for the bulk  
a ir in  the balance cham ber can be  calculated. T he sorbed  V O C  w eight per un it area 
(C s) w as calcu lated  using  the so rbed  w eight, the specific  surface area o f  fibres and the 
fibres w eight. T a b le  7.1 lists the  calculated sorbed w eights (C s) as a  function o f  VO C  
bu lk  concentration  (Ci) along w ith  the fibre w eights for 1,2-D ichlorobenzene on 
carpet fibres.
T he last entry in  T a b le  7.1 is used  to show  the fo llow ing sam ple calculation:
•  F ibres w eight =  154.460 m g, m easured in T G A  before  V O C injection and can be 
v iew ed  at tim e equal zero in  F ig u re  7.3(b).
•  T he p repared  concentration  o f  V O C  in the a ir bag  is 3028 m g/m 3, using the 
calibration  curve in  the gas chrom atograph program m e.
•  T he in itial VO C w eight in  the  bu lk  air inside T G A  cham ber is bulk  concentration 
m ultip lied  by  T G A  cham ber volum e:
3028 m g/m 3 * 73.63* 10'3 m 3 =  0.223 m g
• T he sorbed  w eight is 0 .144 m g as the d ifference betw een the final w eight at 
equilibrium  and the initial w eight o f  fibres (F ig u re  7.3(b)).
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•  T he final V O C  w eight left in the  bu lk  a ir inside the T G A  cham ber is initial w eight 
m inus sorbed w eight =  0.223-0.144 =  0.079 m g.
•  C onverting  final VO C w eight to  concentration  (Q ) using T G A  cham ber volum e 
0 .079(m g)/73.63* 1 O'3 (m 3 )= 1072 (m g / m3 )
•  T he sorbed w eight per unit surface area (Cs) is
sorbed  w eight (m g) /  [BET surface area  (m 2/g  ) *fibres w eight (m g) * 10'1 (g/m g)] 
=  0.144 /  [1.41678*154.46 * 10‘3 ] =  0 .932 m g/m 2
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Figure 7.3 T ypical plots from  TGA-51 system  as w eight versus tim e at d ifferen t
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Figure 7.3 (con t) Typical plots from TGA-51 system as weight versus time at 
different initial VOC/air concentration.
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T a b le  7.1 Typical da ta  fo r calcu lating  sorbed w eight per un it surface area 













Sorbed w eight 
per area 
(m g/m 2)
137.881 251.26 0.015 47.53 0.076
148.720 270.19 0.016 52.83 0.082
148.757 571.11 0.034 109.33 0.161
114.106 665.93 0.037 162.98 0.229
143.255 965.58 0.056 204.90 0.276
119.557 923.60 0.051 230.88 0.300
142.230 1372.62 0.077 326.76 0.382
145.53 2975.69 0.158 830.0 0.770
154.460 3028 0.144 1072.0 0.932
The experim ent w as repeated  for different V O C /air m ixture concentrations. 
P lots o f  sorbed w eight per area  (C s) versus bulk  a ir concentration (Ci) are show n in 
F ig u re  7.4 for to luene and 1,2-D ichlorobenzene on one selected fibre. The plots 
show  som e curvature but it is a  reasonable approxim ation for engineering purposes to 
assum e that linearity exists. T he correlation coefficient for toluene is 0.9541 and for
1,2-D ichlorobenzene is 0 .9493. The plots show  that for VOC concentrations in air 
less than  1000 m g/m 3 it is reasonable  to  assum e that the equilibrium  is linear in 
accordance w ith H enry ’ law  E quation  (6.5) in Chapter 6. The origin is included in the 
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Figure 7.4 Sorbed weight per area versus bulk VOC concentration for 
(a)Toluene and (b) 1,2-Dichlorobenzene on carpet fibres.
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Plots for the same systems that follow the Langmuir isotherm Equation (6.14) 
are shown in F igu re  7.5 for toluene and 1,2-Dichlorobenzene on the carpet fibres. 
The difference in fit between the linear plot and the Langmuir plot is not significant 
since the correlation coefficient for 1,2-Dichlorobenzene only increased from 0.9493 
to 0.9783. 1,2-Dichlorobenzene was also tested on another type o f fibre. The linear 
and Langmuir plots are shown in F ig u re  7.6. The trend here follows the same as that 
for the first type o f fibres and gives a higher correlation coefficient for the linear 
isotherm.
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Figure 7.5 Langmuir plot for (a)Toluene and (b) 1,2-Dichlorobenzene 
on carpet fibres.
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1,2~Dichlorobenzene on sofa fibres 
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Figure 7.6 Linear and Lagmuir plots for 1,2-Dichlorobenzene 
on sofa fibres.
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U p to this point it is reasonable to  conclude that the linear isotherm  is verified.
The linearity o f  adsorption and desorption rates w ith  concentration and sorbed w eight 
per unit surface area, respectively, m ust now  be also verified. This can be done 
through analysis o f  the dynam ic part in  the  T G A  plots. From  initial tim e until 
equilibrium , the rate o f  change in  bu lk  air concentration and sorbed w eight per unit 
surface area can be described as:
w here the rate o f  adsorption (ka Ci) is no t equal to  the rate o f  desoption (kd Cs) unless
reached). A  is the B ET-surface area and  V  is the  TG A  cham ber volum e.
U sing F ig u re  7 .3(b) for a  sam ple calculation, T a b le  7.2 lists Ci and C s as a 
function o f  tim e. These data  w ere used  to  fit Equations (7.1) and (7.2) w ith 
appropriate ka and kd values. A s a  result o f  th is analysis ka is in the range o f  0.000257 
to 0.000911 m /hr and kd is in the range o f  0.3783 to  1.063 (1/hr) for 1,2- 
D ichlorobenzene on carpet fibres. T he average value o f  ka / kd is 0.00083. This 
value is in good agreem ent w ith  the ka / kd ratio  resu lted  from  the linear p lo t in  F ig u re  
7.4(b). A t equilibrium  dCs/dt =  0, so from  E quation  (7.2) the slope o f  a plot betw een 
C s and Ci is ka / kd w hich is 0.0009 from  F ig u re  7.4(b).




a  constant sorbed w eight per unit surface area  w ith  tim e is reached  (i.e. equilibrium  is
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The sorbed phase concentrations versus bulk  gas concentrations have been 
p lo tted  in order to  find  out the suitability o f  either the linear or Langm uir isotherm s 
for the adsorption o f  V O Cs onto fabric fibres. The correlation coefficients o f  the fits 
w ere used as the criterion to  determ ine w hich isotherm  w as the m ost appropriate. A t 
concentrations less than 1000 m g/m 3 o f  V O C  in air isotherm s and  sorption rates were 
found to be linear and can be applied to  estim ate the VO Cs adsorption on various 
adsorbents usually  present in  indoor furniture surfaces. A t concentrations higher than 
1000 m g/m 3, the data m ay not be linear. H ow ever, such high concentrations are not 






T he w ork  in  th is thesis w as in itia ted  early  in  1992. A t that tim e serious dam age to  
the atm osphere w as detected  after the  huge oil fires in  K uw ait. Public com plaints about 
indoor a ir quality  in  addition  to  hospital attendance concerning respiratory  problem s 
po in ted  to  an existing serious environm ental problem .
T he w ork  p lan  o f  th is research  consisted  o f  several phases. T he first phase w as to  
assess indoor air quality  in  K uw ait residences. V olatile  organic com pounds (V O C s) w ere 
selected  am ongst indoor po llu tan t categories due to  their severe effects on  health . In  
addition, V O C s have great variab ility  in  the  em ission characteristics o f  the ir sources. 
T he find ings o f  the first phase can  b e  sum m arized  as follows:
•  H ousing  characteristics and  V O C  source characteristics provide an  overall idea w ith  
regard  to  the  d ifferent house characteristics and  usage o f  different pollu tan t sources.
•  Facto r analysis show s the trends fo r individual com pounds or clusters o f  com pounds 
know n to  be em itted from  specific sources o f  po llu tan ts present in K uw aiti hom es.
•  A ir fresheners and  pesticides are the m ain  sources for chlorinated  com pounds found 
indoors, w hile  arom atics are re la ted  to  outdoor activ ities such as car parking and  nearby 
constructions, and som e tim es from  burn ing  em issions indoors.
•  Potable w ater in  K uw ait contains a  considerable am ount o f  total organic carbon (TO C ) 
especially  w hen related  to  h igh  consum ption levels per day.
•  A ir conditioning system  param eters have significant effects on indoor T V O C  (Total 
V olatile O rganic Com pounds) levels.
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• High air exchange rates flush out the indoor accumulated pollutants.
• High outdoor levels of VOCs contribute to high indoor levels.
The second phase of work was to model the confined indoor atmosphere of air 
conditioned homes in Kuwait. The first parameter in the model was related to the air 
exchange rate. The results of studying this parameter through measurements and 
estimation showed that:
•  Predictions overestimate consistently by about 30% the measured air exchange rate 
values of Kuwaiti residential buildings.
• The ratio of measured to estimated air exchange rate is related to the mixing factor.
•  Kuwait residences differ in configuration and openings as necessitated by local weather 
conditions. Residences can be classified under the category of “Tight Building 
Syndrome” which implies that problems are related to energy-conserving design.
The second parameter in the model was related to surface sorption. The 
estimation of the rate of adsorption inside real houses is a complex task due to variation 
in the occupants’ activities and furniture loadings. Important factors, such as outdoor 
concentration, room volume and ventilation rate and their interaction with indoor 
concentration have been considered in this phase which resulted in the following 
conclusions:
• The surface area and composition of the room contents are more relevant than surface 
area of walls in a room.
»
* • The removal rates of VOCs are highly related to their chemical structures.
Many Indoor Air Quality (IAQ) models have been developed, but few are 
properly validated. Special problems associated with correct source and sink models 
remain untouched. Lack of information has lead to the neglect of some model parameters
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upon application. The work in this thesis firstly concerns the local assessment of IAQ 
problems in Kuwait residences. Assessment includes pointing out the dominant VOCs 
and locating their possible sources using statistical techniques. Secondly, the work 
concerns the shortcomings in available IAQ models by applying the measured data in 
Kuwait residences. The third phase of work was to modify and verify a dynamic IAQ 
model by basing it on experimental determination of sorption parameters. Neglect of 
these adsorption parameters results in large deviations between estimation and actual 
measurements. Experimental determination of adsorption and desorption rate constants 
for selected VOCs on selected fibres, commonly used indoors, lead to the following 
conclusions:
• Using predetermined sorption and desorption rate constants for each sink material 
present in the test house reduces assumptions made in modelling.
• Rates o f adsorption and desorption are related to VOC chemical structure and physical 
properties.
•  Deviations in estimating the building up stages of bulk concentration can safely be 
based on an assumption of linear adsorption rates.
Adsorption isotherm data were measured for selected VOCs on selected fibres. 
The objective of this stage of the work was to verify the linearity assumption for 
adsorption and desorption rates for VOCs on indoor surfaces. The surface sorbed 
concentration measurements versus bulk air concentration were plotted to fit both linear 
and Langmuir isotherms. Upon comparison of the correlation coefficients, as criteria, the 
following conclusions can be drawn:
• At low concentrations of VOC in air (typically lower than 1000 mg/m3), the linear 
assumption o f adsorption and desorption rates is appropriate and can be applied to 
estimate the VOCs adsorption on various adsorbents usually present in indoor furniture 
surfaces.
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In conclusion, the modified simple IAQ model proposed in this work can be 
considered as an adequate representation of the much more complex indoor environment. 
All parameters, such as adsorption and desorption rate constants for Toluene, 1,2- 
Dichlorobenzene, 1,1,1-Trichloroethane and Methylsalicylate on fibres commonly used 
indoors (which were obtained from the test chamber results), and the hourly air exchange 
rate for a particular house (which could be calculated from ventilation parameters) are 
universal. The remaining additional information required consists of furnishing material 
types and their surface areas for a particular case, which could be obtained from the 
furniture loading. The rate constants reported in this thesis are for 25 °C only (which is 
the ideal indoor temperature), and if similar data were to be made available for other 
temperatures and for other typical indoor VOCs, then the model developed in this thesis 
could be used successfully to predict the time dependency of their concentrations in any 
indoor environment.
Upon completion of this thesis work, modelling indoor VOC levels in a test house 
using experimental determination of surface sorption parameters has narrowed the 
variation between predicted and observed concentrations. Parameter determination has 
been based on a single VOCs tested one at a time, even in adsorption isotherm 
experiments. Actual cases involve a mixture of VOCs in bulk air as discussed earlier in 
Chapters 3 and 5. One can recommend for the future therefore to continue the research 
with a mixture of VOCs in air both in the chamber and the isotherm experiments.
The work described in this thesis is a base and a first step for assessing indoor air 
quality. The results indicate that VOC removal (other than by natural means) is needed 
for the indoor environments examined. The most appropriate method for VOC removal 
is through adsorption on a carefully selected adsorbent which has a high adsorption 
capacity and good desorption efficiency. The same model developed in this thesis could 
easily be used to test for optimum removal rates on adsorptive filters. Bulk air 
concentration and sorbed concentration equations can be applied with the same 







Q A1. No. of residents in the house
1) Less than 5
2 ) 6 - 9
3) More than 10
B) House characteristic
Q Bl. Air conditioning type
1) Central
2) Wall unit
3) Wall and split unit
Q B2. Does the AC work while sampling ?
1) Yes
2) No
Q B3. If the answer in the above question is 'Yes', 
Does it work in cooling or heating ?
1) Cooling
2) Heating
Q B4. When is last maintenance to AC ?
1) Less than a month.
2) More than month and less than 6 months.
3) More than 6 months.
Q B5. Number of kitchens
1) 1- 2
2) More than 2 
Q B6. Number of indoor kitchens
1)i
2) More than 2
Q B7. Number of bathrooms
1) 1-2
2 ) 2 - 4
3) More than 4
Q B8. Number of indoor bathrooms
1) 1-2
2 ) 2 - 4
3) More than 4
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Q B9. Sanitary maintenance
1) Less than a month
2) More than a month and less than 6 months
3) More than 6 months




Q Bll. Approximate house old ?
1) Less than 5 years
2) 6 - 10 years
3) More than 10 years
Q B12. New constructions near the house
1) Yes
2) No
Q B13. If the answer in the above question is 'Yes' then when ?
1) Less than a month
2) Month to 6 months
3) More than 6 months
Q B14. Car parking
1) Inside the house fence
2) Outside the house fence
3) In and outside the house fence
4) No car parking
Q B15. Number of cars in the car parking
1) 1-2
2 ) 2 - 4
3) More than 4
Q B16. Indoor gardening
1) Yes
2) No








Q B19. Does these plant spray with pesticides ?
1) Yes
2) No
Q B20. If  the answer in above question is Yes', specify times ?
1) Once a week
2) Once a month
3) More than that
C) Pollutant sources
Q C l. Hobbies indoor (wood, ceramic, coloring works...)
1) Yes
2) No
Q C2. Any type of animals indoor
1) Yes
2) No
Q C3. Windows opening
1) Yes
2) No
Q C4. If  the answer in above question is 'Yes', specify times
1) Daily
2) 3 times in a week
Q C5. Any one smoke indoor ?
1) Yes
2) No




4) More than 3 
Q C l .  No. of cigarettes.
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Q C15. If  answer in above is 'Yes', specify time
1) From a week
2) From a month
3) More than a month
Q C16. Specify Number of balls used
1) 10-20
2) 20 -40
3) More than 40
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Q C17. Any type of smoking other than cigarettes ?
1) Yes
2) No
Q C18. Stove type ?
1) Gas
2) Electric
3) Gas and electric
Q C19. Kitchen ventilation
1) Yes
2) No
Q C20. Any room painted indoor
1) From a month
2) From a month to 6 months
3) More than 6 months
D) Building floor plan
Q D l. Draw your house floor plan with dimensions and openings 
Specifically the living room where samples are located.
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Benzene C6H6 78.11 80 -11 Yes lOppm
(30mg/m3)
-US 0.12-300 pg/m3 
-UK 1.4-11.8 pg/m3 




-used as a constituent in motor fuels
Toluene C6H5CH3 92.14 110-111 4 No lOOppm
(375mg/m3)
-US 10-193 pg/m3 
-UK 3.4-39.8 pg/m3 
-Canada 3-198 pg/m3 
-Italy 128 pg/m3
-noncorrosive liquid with a sweet 
-benzenelike odor 
-used as solvent for paints
Xylene C6H4(CH3)2 106.16 138-144 27-32 No lOOppm
(435mg/m3)
-US 1-87 pg/m3 
-UK 1.4-24.2 pg/m3 
-Canada 2-167 pg/m3 
-Italy 89 pg/m3
-exists in three isomers 
-m-xylene is predominant in 
commercial xylene.
-used as a solvent for paints and 
cleaning fluids.
Styrene C6H5CH-CH2 104.14 145 31 Yes 50ppm
(215mg/m3)
-Canada 4.1 pg/m3 -colorless to yellowish 
-very refractive
-oily liquid with penetrating odor, 
-used in plastic manufacture
Trimethyl
Benzene
C6H3(CH3)3 120.20 165-176 44 No 25ppm
(125mg/m3)
-US 11.52-60.21 pg/m3 
-UK 0.3-11.8 pg/m3 
-Italy 36 pg/m3
-Extremely Hazardous 
-exists in three isomers.
-odor threshold is 0.5ppm
-used as a solvent in dye and perfume
manufacture
-found in diesel engine exhaust fumes
Ethyl
Benzene
C6H5CH2CH3 106.16 136 21 No lOOppm
(435mg/m3)
-US 5.3-25.8 pg/m3 
-UK 1-7.4 pg/m3 
-Canada 3-42 pg/m3 
-Italy 27 pg/m3
-pungent aromatic odor
-odor threshold is 140 ppm





















-US 10.7 pg/m3 
-Canada 8.4 pg/m3
-two isomers cis 60% and trans 
40%
-slight acrid ethereal odor 
-odor threshold 17 ppm 






C12CH:CH 96.94 31.7 -28 Yes 5ppm
(20mg/m3)
N.A. -mild sweet odor resembling that 
of chloroform 
-odor threshold is 190 ppm 
-used in fibers and textile 
copolymer industry due to its 
excellenct resistance to water.
1,1,1-Trichloro
Ethane




-US 14.1 pg/m3 
-UK 0.3-4.1 pg/m3 
-Canada 1-558 pg/m3
-used as a degreaser and in dry 
cleaning.
-odor threshold is 120ppm
1,1,2-Trichloro
Ethane




N.A. -its toxicology is comparable to 
carbon tetrachloride.




C1CH2CHC1CH3 112.99 96 16 Yes 75ppm
(350mg/m3)
N.A. -unpleasant odor
-odor threshold is 420mg/m3
-used as a solvent




-US 43.9 pg/m3 
-Canada 9-47 pg/m3 
-Italy 1.9 pg/m3
-characteristic odor with odor 
threshold o f200-3OOppm 
-was one 6f the earliest general 




















-US 13 pg/mJ 
-Canada 2.0 pg/m3
-used as a solvent
1,1,2,2-Tetra
Chloroethane




N.A. -used in dry-cleaning agent, as 






C12C:CC12 165.85 121 non­
flammable
Yes 5-27ppm -US 1.33-4.27 pg/m" 
-UK 0.3-4.4 pg/m3 
-Canada 1-171 pg/m3 
-Italy 18 pg/m3
-used as a solvent, dry 
cleaning agent, degreaser, and 
medically as an anthelmintic.
1,1-Dichloro
Ethane
CH3CHC12 98.96 57.3 -6 No 200ppm
(810mg/m3)




C1CH2CH2C1 98.96 84 13 Yes lppm
(4mg/m3)
N.A. -flammableliquid 
-pleasant odor and odor 
threshold is lOOppm 
-used as antiknock agent in 
gasoline, a pickling agent, 








N.A. -amber to brown liquid 
-pungent odor 

















CH3C6H4C1 126.58 159 52 No 50ppm
(250mg/m3)
N.A. -used as a solvent and intermediate in 




C6H4C12 147.01 172-179 60 No 50ppm
(300mg/m3)
-US 13-1075 pg/m3 
-UK 26.6-46.6 pg/m3 
-Canada 1-327 pg/m3
-used primarily as an air deodrant and 
an insecticide




C6H5C1 112.56 131-132 28 No 75ppm
(350mg/m3)
-US 5.8 pg/m3 -mild aromatic odor 
-odor threshold is between 
0.1-3.0 pgn
-used in pesticides manufacture
Fluoro-
Benzene
C6H5F 96.11 85 -15 No N.A. N.A. -used as an insecticide and as a 
reagent for plastic or resin polymer.
* ACGIH (American Conference of Governmental Industrial Hygienists, one tenth of threshold limit values)
**UK: Field R.A., Phillips J.L., Goldstone M.E., Lester J.N. and Perry R. (1992) “Indoor/Outdoor Interactions during an Air Pollution Event in Central 
London.” Environmental Technology, Vol. 13, p.391-408.
Proctpr C.J., Waren N.D.rBevan M.A., and Baker-Roge’s J.A., (1991) “Comparison of methods of assessing exposure to environmental tobacco smoke 
in non-srfioking British women,” Environ. Int., 17, p. 287-298.
US: Sheldon L., Whitaker D., and Jenkins P., (1990) ’’Indoor pollutant concentrations and exposures for air toxic- a pilot study,” In: Proc. 5th int. Conf. on 
indoor quality climate, vol 2. Aurora ON: Inglewood Printing Plus: p.759-762.
Hines A.L., Ghosh T.K., Loyalka S.K., and Warder R.C, (1991) “ Investigations of CO- sorption of gases and vapours as a means to enhance indoor air 
quality,” Report No. GRI90/0194 Gas Research Institute, Chicago, NTIS Document NO. PB 91-178806.
Wallace L.A., Pellizzari E.D., Hartwell T.D., Sparacino C., and Zeton H., “Personal exposure to volatile organics and other compounds indoors and 
outdoors- The TEAM study,” Paper 83.912 presented at the 76th Am. Natn. Conf. of the Air Pollution Control Ass., Atlanta, GA, 19-24 June (1983).
Canada: Chan C.C., Vainer L., Martin J.W.,and Williams D.T. (1990) “Determination of organic contaminants in Residential Indoor Air Using an 
Adsorption- Thermal Desorption Technique.” J.Air and Waste Manage. Assoc., Vol.40, p.62-67.
Italy: DeBortoli M., Knoppel H., Pecchio E., Peil A., Rogora L., Schauenburg H., Schlitt H., and Vissers H., (1986) “Concentrations of selected organic 
pollutants in indoor and outdoor air in northern Italy,” Environ. Int., 12, p.343-350.









FB C m - C p  
0.5 (Cm + Cp)
where:
Cm and Cp are the average measured and the average predicted variable, respectively 
calculated as follows:
C ^ £ O n
n 
n
where n is the number of data points
Normalized Mean Square E rror (NMSE)
Cp Cm
where
C ^ c ^  (Cm -Cp) 
n
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Table A-4 Statistical Tests Details
Type of Test Name of Test Significance
(p-value)
Tests for Normality Kolomogrov-Simirov 0.000
Tests for Homogeneity of 
Variance
Levene-Test 0.215
Test Statistics Wilcoxon Signed Ranks 0.287
Test of Normality for 
Natural Logarithm of 
TVOC Concentration
Kolomogrov-Simirov 0.076
Homogeneity of Variance 
for Natural Logarithm of 
TVOC Concentration
Levene-Test 0.048
Test of Paired Difference 
between Indoor and 
Outdoor TVOC
Paired-T-Test 0.008
Ranks for Indoor to 
Outdoor Ratio
Wilcoxon Signed Ranks 0.004
Sum of Negative Ranks* 1620.0 
Sum of Positive Ranks 3231.0
* Negative Ranks when ratio less than 1.0 























General cm2/m2 1.8 0.79 2.8 Uncaulked cm2 ea 6 2 24
Drop cm2/m2 0.19 0.046 0.19 Caulked cm2 ea 2 1 2
p ilin g  penetrations Vents
1 NVhole-house fans cm2 ea 20 1.6 21 Bathroom with damper closed cm2 ea 10 2.5 20
1 Recessed lights cm2 ea 10 \5 21 Bathroom with damper open cm2 ea 20 6.1 22
|Ceiling/Flue vent cm2 ea 31 28 31 Dryer with damper cm2 ea 3 2.9 7
Surface-mounted lights cm2 ea 0.82 Dryer without damper cm2 ea 15 12 34
Chimney cm2 ea 29 21 36 Kitchen with damper open cm2 ea 40 14 72
frawl space Kitchen with damper closed cm2 ea 5 1 7
General (area for exposed wall) cm2/m2 10 8 17 Kitchen with tight gasket cm2 ea 1
200 mm by 400 mm vents cm2 ea 129 Walls (exterior)
)oor frame Cast-in-place concrete cm2/m2- 0.5 0.049 1.8
General cm2 ea 12 . 2.4 25 Clay brick cavity wall, finished cm2/m2 0.68 0.05 2.3
M asonry, not caulked cm2/m2 5 1.7 5 Precast concrete panel cm2/m2 1.2 0.28 1.65
Masonry, caulked cm2/m2 1 0.3 1 Low-density concrete block. cm2/m2 3.5 1.3 4
Wood,-not caulked cm2/m2 1.7 0.6 1.7 unfinished
W ood, caulked cm2/m2 0.3 0.1 0.3 Low-density concrete block. cm2/m2 1.1 0.52 I.l
Trim cm2/lmc 1 painted or stucco
Jamb cm2/lmc 8 7 10 High-density concrete block. cm2/m2 0.25
Threshold cm2/lmc 2 1.2 24 unfinished
poors Continuous air infiltration barrier cm2/m2 0.15 0.055 0.21
Attic/crawl space, not cm2 ea 30 10 37 Rigid sheathing cm2/m2 0.35 0.29 0.41
weatherstripped Window framing
Attic/crawl space, weatherstripped cm2 ea 18 8 18.5 Masonry, uncaulked cm2/m 2 6.5 5.7 10.3
Attic fold down, not cm2 ea 44 23 86 Masonry, caulked cm2/m2 1.3 1.1 2.1
weatherstripped t Wood, uncaulked cm2/m2 1.7 1.5 2.7
Attic fold down, weatherstripped cm2 ea 22 14 43 Wood, caulked cm2/m2 0.3 0.3 0.5
Attic fold down, with insulated box cm2 ea 4 Windows
Attic from unconditioned garage cm2 ea 0 0 , 0 Awning, not weatherstripped cm2/m2 1.6 0.8 2.4
Double, not weatherstripped cm2/m2 11 7 22 Awning, weatherstripped cm2/m2 0.8 0.4 1.2
Double, weatherstripped cm2/m2 8 3 23 Casement, weatherstripped cm2/lmc 0.24 0.1 3
| Elevator (passenger) cm2 ea 0.26 0.14 0.35 Casement, not weatherstripped cm2/lmc 0.28
|G eneral, average cm2/lmc 0.31 0.23 0.45 Double horizontal slider, not cm2/lmc I.l 0.019 3.4
Interior (pocket, on top floor) cm2 ea 14 weatherstripped
Interior (stairs) cm2/Imc 0.9 0.25 1.5 Double horizontal slider, wood. cm2/lmc 0.55 0.15 1.72
1 Mail slot cm2/lmc 4 weatherstripped
Sliding exterior glass patio cm2 ea 22 3 60 Double horizontal slider. cm2/lmc 0.72 0.58 0.8
Sliding exterior glass patio cm2/m2 5.5 0.6 15 aluminum, weatherstripped
Storm (difference between with cm2 ea 6 3 6.2 Double-hung, not weatherstripped cm2/lmc 2.5 0.86 6.1
and without) Double-hung, weatherstripped cin*/lmc 0.65 0.2 1.9
Single, not weatherstripped cm2 ea 21 12 53 Double-hung with storm, not ctnVlmc 0.97 0.48 1.7
Single, weatherstripped cm2 ea 12 4 27 weatherstripped
Vestibule (subtract per each cm2 ea 10 Double-hung with storm. cm2/lmc 0.79 0.44 I
location) weatherstripped
lectrical outlets/Switches Double-hung with pressurized cm2/lmc 0.48 0.39 0.56
No gaskets cm2 ea 2.5 0.5 6.2 track, weatherstripped
With gaskets cm2 ea 0.15 0.08 3.5 Jalousie - cm2/louver 3.38
urnace Lumped cm2/lms 0.471 0.009 2.06
Sealed (or no) combustion cm2 ea 0 0 0 Single horizontal slider. cm2/lms 0.67 0.2 2.06
Retention head or stack damper cm2 ea 30 20 30 weatherstripped
Retention head and stack damper cm2 ea 24 18 30 Single horizontal slider. cm2/lms 0.8 0.27 2.06
loors over craw] spaces aluminum
General cm2/m2 2.2 0.4 4.9 Single horizontal slider, wood cm2/lms 0.44 0.27 0.99
Without ductwork in crawl space cm2/m2 1.98 Single horizontal slider, wood cm2/lms 0.64 0.54 0.81
With ductwork in crawl space* cm2/m2 2.25 clad
ireplace Single-hung, weatherstripped cm2/lms 0.87 0.62 1.24
With damper closed cm2/m2 43 10 92 Sill cm2/lmc 0.21 0.139 o z  ■:
With damper open cm2/m2 350 145 380 Storm inside, heat shrink cm2/lms 0.018 0.009 0.0 Is
With glass doors cm2/m2 40 4 40 Storm inside, rigid sheet cm2/lms 0.12 0.018 0.24
With insen and damper closed cm2/m2 36 26 46 with magnetjq^seal
With insen and damper open cm2/m2 65 40 90 Storm inside, flexible sheet cm2/lms 0.154 0 018 0.833
as water heater cm2 ea 20 15 25 with mechanical seal
Joints Storm inside, rigid sheet with cm 2/lms 0.4 0.045 0.833
Ceiling-wall cm2/lmc 1.5 0.16 2.5 mechanical seal
Sole plate, floor/wall, uncaulked_ cm2/Imc 4 0.38 5.6 Storm outside, pressurized track cmVlinc 0.528
Sole plate, floor/wall, caulked cm2/lmc 0.8 0.075 1.2 Storm outside. 2-track cm2/lmc 1.23
Top plate, band joist 
l------- :------- ------------------------- cin2/lmc 0.1 0.075 0.38 Sturm outside. 3-track citr/lmc
2.46
Ule: Ai r  l eakage areas  arc based on values found in Ihc litcralurc. The cffccti vc air leak- Abbreviations: in* •  { r iit i  area in  «|u»c in rlirs  line Iiihmi inriir ol eiaek 
gc area (in square centim etres) is based tin a pressure difference of 4 I'a and Clt ■ I . ca  « cacli ltn \ = Iiikmi incite «l sa-.li
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(ASHRAE Fundamentals Handbook, 1993) 
Stack Coefficient, As (litre/s)2 (cm-4 Deg.C’1)
House Height (Stories)
One Two Three
Stack Coefficient 0.000145 0.000290 0.000435
Wind Coefficient, B ((litre/s)2 cm-4 (m/s)"2)
House Height (Stories)
Shielding
Class One Two Three
1 0.000319 0.000420 0.000494
2 0.000246 0.000325 0.000382
3 0.000174 0.000231 0.000271
4 0.000104 0.000137 0.000161




Total Organic Carbon 
(TOC) 




The organic carbon in water and wastewater is composed of a variety of organic 
compounds in various oxidation states. Some of these carbon compounds can be 
oxidized further by biological or chemical processes, and the biochemical oxygen 
demand (BOD) and chemical oxygen demand (COD) may be used to characterize these 
fractions.
To determine the quantity of organically bound carbon, the organic molecules 
must be broken down to single carbon units and converted to a single molecular form that 
can be measured quantitatively. Total organic carbon (TOC) methods utilize heat and 
oxygen, ultraviolet irradiation, chemical oxidants, or combinations of these oxidants to 
convert organic carbon to carbon dioxide (CO2). The CO2 may be measured directly by a 
nondispersive infrared analyzer, it may be reduced to methane and measured with a flame 
ionization detector, or CO2 may be titrated chemically.
A-6-2 Method and Principle
Many instruments utilizing persulphate oxidation of organic carbon are available 
for TOC less than 1 mg/litre. They depend either on heat or ultraviolet irradiation 
activation of the reagents. The persulphate-ultraviolet oxidation method is rapid and 
precise.
Organic carbon is oxidized to carbon dioxide by persulphate in the presence of 
ultraviolet light. An ultraviolet lamp is submerged in a continuously gas-purged reactor 
that is filled with a constant-feed persulphate solution. The samples are introduced 
serially into the reactor by an autosampler or they are injected manually. The CO2 
produced is sparged continuously from the solution and is carried in the gas stream to an
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infrared analyzer that is specifically tuned to the adsorptive wavelength of CO2. The 
instrument’s microprocessor calculates the area of the peaks produced by the analyzer, 
compares them to the peak area of the calibration standard. (53 IOC Persulphate- 
Ultaviolet Oxidation Method)
A-6-3 Results and Discussion
In the work of surveying the one hundred residences in Kuwait, high levels of 
chloroaliphatic compounds were referred to various sources. One of these sources was 
related to volatile organic compounds emitted from potable water specially when hot 
showers or hot water was used for cleaning.
In this section, data were collected from the Water Resources Development 
Centre, Ministry of Electricity and Water of Kuwait, regarding the total organic carbon in 
potable water in Kuwait in most of the areas studied. The data were collected during the 
indoor volatile organic compounds (VOCs) sampling periods (i.e. winter 1995 and 
summer 1996).
The average potable water consumption in Kuwait is 115 litre/day/person 
(Annual Statistical Abstracts, Ministry of Planning of Kuwait, 1996). Since the number 
of occupants, in each house in the study, was collected as the first entry in the 
questionnaire (Appendix A-l), this value is used to calculate average potable water 
consumption in each house in litre per day (Figure A-6-1). From the figure it can be 
seen that potable water consumption ranges from 200 litre/day to 1750 litre/day since thet
number of occupants ranges from 2 to 15 person per house.
Total organic carbon (TOC) in potable water varies between summer and winter. 
Plots of TOC concentration in water as mg/litre are shown in Figure A-6-2 for winter 
and summer values. The variation in points is due to location. The average TOC value 
for winter is 0.25 mg/litre while for summer is 0.3 mg/litre. These average values are
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then used to calculate TOC as mg/day, which may be then emitted to the indoor 
atmospheric environment. Figure A-6-3 plots the total organic carbon (TOC), as 
mg/day, in each house under study. The average TOC in potable water in all houses is 
200 mg/day.
Total organic carbon in potable water comes from haloaliphatic compounds such 
as: chloroform CHC13, dichloro-bromo-methane CHC12Br, chloro-dibromo-methane 
CHClBr2 and tribromo-methane CHBr3 in addition to aromatics and haloaromatics such 
as: toluene, xylene, ethylbenzene, chlorobenzene, 1,2 dichlorobenzene and 1,2,4 
trichlorobenzene. All the above volatile organic compounds found in potable water were 
detected in the sampled indoor air in all houses. Figure A-6-4 plots the average 
concentration of each compound concerned in the TOC calculation. From this figure it is 
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Figure A -6-2 Total organic carbon TOC (mg/litre) in potable water used in winter and
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gure A-6-3 Total organic carbon (mg/day) from used potable water by occupants in












Figure A -6-4 Volatile organic compounds concentration (pg/litre) in potable water as
used for TOC calculation.
